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BASIC  RESEARCH ON LIQUID-DROP-IMPACT  EROSION - c_ 

1. INTRODUCTION 

The  work  described  in  this  report  is  a  continuation  of  studies of 
4 crater  formation  in  metals at velocities up to about 3 x 10 cm/sec 

f I..-- s - ? O . . L  1,000 ft/sec)  and  of  the  denting  velocity  of  metals. The velocity 

r.=.r.ge selected is of  interest  for  application to many  engineering  problems 

ir,volving drop-impact  erosiqn. In particular, the work  described  is a 

conticuation  of  studies  that  were  initiated  at  the  National  Bureau of 

Standards [l ,2,3,4,5,6,7](1).  The purpose  of  these  studies was to work 

toward an understanding  of  the  mechanism  of  drop-impact  erosion  on  ma- 
terials  of  different kinds, to develop  criteria  for  evaluating  the  drop- 

impact-erosion  resistance of. structural  materials,  and to assess  the 

properties of a drop-impact-erosion-resistant  material.  Some of the 

Eajor  results o f  these  studies  are  summarized  below. 

1.1 Stresses  Produced Drop Impact 

An impinging  drop  has two characteristic  damage-producing  attributes. 

These =e: (a) the impact  pressure  that  the  drop  exerts,  and (b) the 

high-speed  sheet Jet produced  by the radial flow of  the  liquid  contents 

of  the  drop  as  a  result of the  impact  pressure [1,2,3]. Drop-impact 

erosion  is  uniquely  the  result  of  stresses  that  develop as a  consequence 

of  these  damage-producing  attributes. The localized  impact  pressure  pro- 

duces  radial stresses(2) in  tension  and  shear  around  the  compressed  area 

of contact  between  a  drop  and a solid  plate,  shear  stresses  through the 

'L'Numbers in  brackets  refer to literature  references  at the end of this 

(2)!Che tensile  and  compressive  stresses  indicated ir Figure 1.1 were 
report. 

studied  with  use of a foam rubber  pad, a steel-sphere  indenter,  and 
a glass-sphere  indenter  flattened on one side. 
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p l a t e ,  an8 t e n s i l e  stresses on t h e  rear f a c e   o f   t h e   p l a t e  [2,3].  See 

Figure 1.1. The damage t h a t  r e su l t s  from the   p resence  of t h e s e  stresses 

i n   b r i t t l e  and d u c t i l e   s o l i d s  is discussed below. 

1 .2   Erosion  Fai lure  " of Low-Strength Bri t t le  So l ids  

The e r o s i o n   f a i l u r e  of low-strength b r i t t l e  s o l i d s   r e s u l t s   d i r e c t l y  

,?on t h e  two damage-producing a t t r i b u t e s  of an  impinging  drop. If t h e  

r a d i a l   t e n s i l e  stresses formed  around the   con tac t  area as a r e s u l t   o f  

t he   i cpac t   p re s su re  are i n   e x c e s s   o f   t h e   t e n s i l e  

so l i a ,   c i r cumfe ren t i a l   c r acks  w i l l  form (maximum 

I n   i s o t r o p i c   b r i t t l e   s o l i d s ,   t h e   c i r c u m f e r e n t i a l  

a n i s o t r o p i c   b r i t t l e   s o l i d s ,  which  have p re fe r r ed  

cunferent ia l   c racks  are polygonal  [2,4]. 

s t r e n g t h   o f   t h e   b r i t t l e  

stress t h e o r y   o f   f a i l u r e ) .  

cracks are c i r c u l a r ;   i n  

c levage   p lanes ,   the   c i r -  

Because t h e  area of  contact  between  the  drop and t h e   s o l i d  i s  sub- 

jec ted   to   p ressure   dur ing   the   impact ,   the   so l id  material on the   s ides  of 

the  cracks away from t h e   c e n t e r  of impact i s  r a i s e d   w i t h   r e s p e c t   t o   t h e  

s o l i d  material on t h e   s i d e s   o f   t h e   c r a c k s   t h a t  are a d j a c e n t   t o   t h e   c e n t e r  

of  impact.  This  circumstance makes the  cracked  surface of t h e   b r i t t l e  

so l id   vu lne rab le   t o   t he   ou tward   r ad ia l   f l ow  o f   t he   d rop   l i qu id .  

The outward r ad ia l   f l ow  o f   t he   d rop   l i qu id   a round   t he   cen t r a l   po in t  

of ircpact exer t s   forces   aga ins t   the   ra i sed   edges   o f   the   c racks  (see 

Figure 1 . 2 )  and breaks   the   p ro t ruding  material away [2,4]. The result 

of th i s   ac t ion   can   be   seen   in   F igure  1.3 which shows t h e   s u r f a c e  damage 

=ark  produced by t h e  impact  of a 2-mm-diameter mercury  drop  against a 

i /a - in . - th ick   p la te   o f   s ing le   c rys ta l   whi te   sapphi re  at 3.58 x 10 cm/sec 

(1,175 f t / s e c ) .  It can  be  seen in   F igu re  1.3 t h a t  material i s  broken 

out   of   the   white   sapphire   plate   a long  the  polygonal   cracks and  on t h e  

s ides  of t he   c r acks   t ha t  are away from the   cen ter   o f   the   impact .   F igure  

1.4 shows i n i t i a l  single-impact damage marks t h a t  are similar t o   t h a t   o f  

Figure 1.3. The  damage marks of Figure 1 . 4  accumulated  on a specimen 

of  poly  (methyl  methacrylate)  during a 75-sec  exposure t o  multiple-drop 

.impact on a r o t a t i n g  arm device.  

4 

1.3 Erosion  Fai lure  of Low-Strength Duct i le   Sol ids  

If t h e   r a d i a l   s h e a r  stresses t h a t  form  around the   con tac t  area as 

a result of t h e  impact  pressure are i n   e x c e s s   o f   t h e   y i e l d   s t r e n g t h   o f  

2 
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P = pressure T = tension S = shear 

Figure 1.1. Stresses  Proauced During Impact Between a Sol id 
Plate and a Liquid Drop or  Solid Sphere. 

P = pressure T = tension S = shear 

Figure 1 . 2 .  Stresses Produced a t  a Surface  Elevation Along a 
Crack by the  Radial Flow of Liquid from  an Impacted 
Drop. 
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Figure  1.3. Damage Mark on a White  Sapphire P l a t e  Produced  by  Impact 
of a 2-mm Mercury Drop a t  3.58 x lo4 cm/sec (1,175 f t / s e c ) .  

F igure  1.4. Polygons of Cracks Formed i n  Poly(methy1  methacrylate)  as 
a Resul t  of Impact  Against   Waterdrops.  

4 
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a emtile solid,  plastic  flow  will  take  place  and  a  crater  will  be  pro- 
Cwec in  the  solid [2,4]. The  formation of a crater  in a ductile  solid 
does  not  produce  erosion  in  itself  because  erosion  involves  a loss of 
= a s s  and  the  formation of a  crater  does  not  necessarily  involve a loss of 
nsss. However,  if  drop  impact  is  a  continuing  process,  the  surface  of  a 
solid  will  eventually  become  covered  with  craters  and  new  craters  will  be 
superposed  over  old  craters. If the  solid  is  a  metal  that  work-hardens, 
the  metal  will  work-harden to the  point of embrittlement.  When  this  state 
is  reached,  cracks  will  form  in  the  brittle  metal  and  eventually  pieces 
of the  metal  will  break  away  between  intersecting  cracks [SI. 

1.4 Prediction of Relative  Drop-Impact-Erosion  Resistance 
If the  relative  impact  velocity  between  a  liquid  drop  and  a  metal 

is too  low  to  dent  the  metal,  then  the  erosion-producing  sequence  of 
vork-hardening,  embrittlement,  and  eventual  crack  formation  should  not 
occur.  On  this  reasoning,  the  minimum  impact  velocity  that  is  required 
to  dent  a  metal  may  provide a basis  for  evaluation  of  relative  drop-impact- 
erosion  resistance.  This  possibility  makes  it  of  interest  to  determine 
the  denting  velocity  of  metals. 

When  the  depths  of  craters  produced  by  the  impact of liquid  drops 
or of  steel  spheres  against  metal  plates  were  plotted  against  the 
velocities  at  which  the  drops  or  spheres  impinged,  it  was  found  that  the 
points  lie  along  straight  lines  that  have  intercepts  on  the  velocity 
axis [ 6 , 7 ] .  The  physical  interpretation  of  the  intercept  velocity  has 
been  that  this  is  the  minimum  velocity  required  to  dent  the  metal of 

which  the  target  plate  is  composed.  It  is of interest,  as  far  as  the 
prediction of relative  drop-impact-erosion  resistance  is  concerned,  to 
know  what  specific  properties of a  metal  determine  the  slope  and  the 
velocity  intercept of its  straight-line  crater-depth-versus-velocity 
plot.  To  obtain  this  knowledge,  it  is  necessary  to  develop  the  mathe- 
matical  equation of the  straight-line  relation  between  crater  depth  and 
impact  velocity. 

1.4.1 Moving-Plug  Model of Crater  Formation 
When a liquid drop or  steel  sphere  impinges  against a metal  target, 

a  pressure  pulse,  which  has an initial  frontal  area  equal  to  the  impact 
area,  moves  away  from  the  area of contact  into  the  target  metal.  The 
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t a r g e t  retal t h a t  i s  t raversed  by th i s   p ressure   pu lse   has  a p a r t i c l e  ve- 

l o c i t y   i n   t h e  impact direct ion.   Consequent ly ,   the   target  metal t h a t  i s  
t raversed  by the   p ressure   pu lse  moves i n   t h e  impact d i rec t ion   wi th  re- 

spec t   to   the   remain ing   meta l   o f   the   t a rge t   p la te ;  it becomes a moving 

Plug * 

Taking t h e  movement o f   t h i s   p l u g   o f   t a r g e t  metal under  the area of 

impact as a c ra t e r ing  model,  an  equation was developed  for   the  depth,  6 ' ,  

of a c r a t e r  produced i n  a metal p l a t e  by t h e  impact  of a l iquid  drop 

[ 6 ] .  This  equation is  

i n  acoust ic  impedance, c i s  speed  of  sound i n  i n f i n i t e  medium, p i s  

dens i ty ,  d i s  drop  diameter, V i s  r e l a t i v e  impact ve loc i ty ,  and Vi i s  

the   i n t e rcep t   ve loc i ty .  Primed q u a n t i t i e s   r e f e r   t o   t h e  metal of t h e  

t a r g e t  plate and unprimed q u a n t i t i e s  refer t o   t h e   l i q u i d   o f   t h e   d r o p .  

The numerical   coeff ic ient  was assessed  with  use  of  experimental   data.  

With recourse   to   d imens iona l   ana lys i s ,   the   in te rcept   ve loc i ty  was 

four.c [SI t o  be given by 

where E '  i s  the  energy  per   uni t  volume t h a t  t h e  t a r g e t  metal can  absorb 

without   f racture   or   plast ic   f low.  The numerical  constant w a s  obtained 

with  recourse  to   plots   of   experimental   crater   depth  against   experimental  

impact  velocity;  the  speed of  sound i n   i n f i n i t e  medium was u s e d   f o r   c '  

and t h e  dynamic compressive  yield  strength was used   for  E ' .  

By t r i a l ,  it was found tha t   eqs  (1.1) and (1.3) a l s o   a p p l y   t o   c r a t e r s  

produced in   me ta l   p l a t e s  by impacts  of metal spheres [ 6 , 7 I e  For the 
case   t ha t   t he  impinging  metal  sphere is  a hardened   s tee l   sphere ,   the  

numerical   coeff ic ient   in   eq (1.1) was found t o  be 17.5 and the  numerical  

c o e f f i c i e n t   i n  eq (1.3) w a s  found t o  be  uni ty .  
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1.L.2 Ilentir,F: Velocity &a Cri te r ion  of Erosion  Resistance 

The form of  eq (1.3) i s  o f   i n t e re s t  as far as p r e d i c t i n g   r e l a t i v e  

drop-impact-erosion  resistance i s  concerned.  According t o   G a r c i a ,  Hammitt, 

and  5ystrom [a], t he re  i s  no s ing le  material mechanical  property  that  can 

be used t o   c o r r e l a t e   c a v i t a t i o n  damage even i f  coupling  parameters  are 

used t o  account for   f lu id   p roper ty   changes .  They r e p o r t   t h a t ,  i n  genera l ,  

the   bes t   cor re la t ions   inc lude  one o r  more energy-type  mechanical  proper- 

t i e s ,  one o r  more s t rength- type  propert ies ,   ana one o r  more fluid-coupling 

parameters.  Because  drop-impact damage i s  c l o s e l y   r e l a t e d   t o   c a v i t a t i o n  

damage, s imi la r   cons idera t ions   can   be   expec ted   to   apply   to  it. 

Equat ion  (1 .3)   for   dent ing  veloci ty   contains   s t rength  parmeters   in  

t h e   r a t i o  (z c / z ' c I )', a f lu id-coupl ing   parameter   in   the   ra t io  ( z  + z ' ) 
/ z z ' ,  and an  energy  parameter i n  E ' .  I n  a d d i t i o n ,   t h e   i n f i n i t e  medium 

sound  speed must be used  for  c  and c ' .  Because 

c = CY (1 - v)  / p (1 - 2 v ) ( l  + VI]% 

it fol lows  that  

2 c = c2 p = Y (1 - u) / (1 + v ) ( l  - 2v) 

where Y is Young's modulus o f   e l a s t i c i t y  and v is P o i s s o n ' s   r a t i o ;   c '  i s  

given by a similar equation.  Equation (1 .5 )  must be used  for  the  impact 

of a sol id   sphere  against  a s o l i d   p l a t e ;  a l iquid  has   only one  speed  of 

sound. Use of eq (1.5) for   so l id-so l id   impacts   b r ings   Poisson ' s   ra t io  

f o r   t h e   p r o j e c t i l e  and t a rge t   i n to   p l ay .  

The  above considerat ions add  weight t o   t h e   p o s s i b i l i t y   t h a t  a com- 

p r i s o n  of   dent ing   ve loc i t ies   for  a series of metals may provide  insight 

in to   the i r   re la t ive   d rop- impact -e ros ion   res i s tance .  It i s  noteworthy 

tha t ,   a l though no dent i s  produced i n  a metal p l a t e  by t h e  impact  of a 

l iqu id   d rop   or   r ig id   sphere  at a veloci ty   lower  than  the  dent ing  veloci ty  

o f   t h e   p l a t e  metal, microscopic  subsurface damage ( t r a n s l a t i o n a l   s l i p  

and  twinning) may be  produced i n   t h e  metal. Consequently, it i s  poss ib le  

t h a t  drop-impact e ros ion  will be i n i t i a t e d   i n  a metal p l a t e   t h a t  i s  sub- 

j ec t ed   t o   mu l t ip l e -d rop  impact  over a prolonged  period  of time at ve- 

l o c i t i e s  lower  than  the  dent ing  veloci ty .   This ,  however,  does  not  affect 

the   usefu lness   o f   the   dent ing   ve loc i ty   in   assess ing   the   re la t ive   e ros ion  

res i s tance   o f  a series of metals. 
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1.5 Areas of Uncertainty  with Regard to   t he   Cra t e r ing   Equa t ions  
" 

Equations (1.1) and (1.3) were t e s t e d  [6,7] with use of experi-  

mental crater-depth-versus-velocity p l o t s .  The exper imenta l   da ta   co l lec ted  

were for :   impacts   of   waterdrops  against   annealed  e lectrolyt ic   tough  pi tch 

copper, 2024-0 aluminum,  and lead;  impacts  of  mercury  drops  against   plates 

of   annealed  e lectrolyt ic   tough  pi tch  copper ,  2024-0 aluminum, 1100-0 

aluminum, lead, and steel;  impacts of hardened  s teel   spheres   against  

p la tes   o f   annea led   e lec t ro ly t ic   tough  p i tch   copper ,  2024-0 aluminum,  and 

1100-0 aluminum. It is unfortunate   that ,   wi th   the  except ion  of  one set 

of   data   for   impacts   of   mercury  drops  against   s teel ,  a l l  of   the metals f o r  

vnich  crater ing data were co l l ec t ed  are face-centered  cubics.  

In   gene ra l ,   a ccep tab le   qua l i t a t ive  agreeucLIL w a s  found  between t h e  

c ra te r ing   equat ions  and the   exper imenta l   c ra te r ing   da ta   for   the   pure  

metals t h a t  were used as targets .   In   the  case  of   s teel-sphere  impacts  

aga ins t  2024-0 aluminum, the   s lopes   o f   the   theore t ica l   curves   for   the  

th ree   s i ze s   o f   s t ee l   sphe res   t ha t  were used were cons i s t en t ly   s t eepe r  

than  those  of  the  experimentally  determined  points.  The lack  of  agree- 

loent between  eq (1.1) and the   exper imenta i   c ra te r ing   da ta   for  2024-0 

duminum w a s  t en t a t ive ly   exp la ined   i n  terms of  the  work-hardening  proper- 

t ies  of t h i s   a l l o y  [TI; i n   r e t r o s p e c t ,  it appea r s   l i ke ly   t ha t   t he  ob- 

served  lack of agreement in   t he   ca se   o f  2024-0 aluminum i s  t h e   r e s u l t  of 

t he   a l loy ing   i ng red ien t s  as well as of  work-hardening. In   the  use  of  

the  soving-plug model o f   c r a t e r ing ,   t he   e f f ec t  of i n h i b i t e d   p l a s t i c  flow 

i s  an area of   uncertainty  that   needs  fur ther   considerat ion.  

1 .5 .1  Effect  of I n h i b i t e d   P l a s t i c  Flow 
" 

In  terms of the  moving-plug  model  of c ra te r ing ,   the   average   ve loc i ty  

t h a t   t h e  moving plug  acquires   with  respect   to   the  remaining  metal   of   the  

ta rge t   p la te   de te rmines   the   s lope   o f   the   l ine   tha t  is  given by eq (1.1). 

The moving plug i s  not a free rod; it remains  attached  to  the  remainder 

of the   meta l  of the  target   p la te .   Consequent ly ,   the   average  veloci ty  

t h a t   t h e  moving plug  acquires must  be a f f ec t ed  by t h e   s u s c e p t i b i l i t y  t o  

p l a s t i c   f l ow  o f   t he   t a rge t  metal that   surrounds it. 

Effect  of Alloyinq 
" 

Foreign  atoms, which may e x i s t  as ind iv idua l s   o r  as p rec ip i t a t ed  

phases  in  various states o f   d i spe r s ion ,   i n t e rac t   w i th   d i s loca t ions   t o  
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c " 

Inh ib i t   p l a s t i c   f l ow [g]. The importance  of t h i s   i n t e r a c t i o n  i s  shown 

by t h e   f a c t   t h a t  a s t r u c t u r a l   a l l o y   i n   g e n e r a l   d i s p l a y s  a degree  of  sus- 

c e p t i b i l i t y   t o   p l a s t i c   f l o w  which is less than   t ha t   o f  i t s  major component 

i n   t h e   p u r e   s t a t e .  With r e f e r e n c e   t o   t h e  moving-plug  model  of c r a t e r ing ,  

the  average  veloci ty   acquired by the   p lug  as a r e su l t   o f   t he  impact w i l l  

be  lower for   an   a l loy   than  for a pure metal because an a l loy   has  less sus- 

c e p t i b i l i t y   t o   p l a s t i c  flow. The e f f e c t  of t h i s  w i l l  be t h a t   t h e   s l o p e  

of the   s t r a igh t - l i ne  crater-depth-versus-velocity curve  should  be  found 

t o  be  lower  for   a l loys  than  for   pure  metals. 

Effect  of Work-hardeninR "- 
It has  been  pointed  out [g] t h a t  a d i s loca t ion   t ha t   r eaches   t he  

boundary of i t s  own gra in  i n  a polycrystal   cannot   cont inue i t s  g l ide  

motion in to   another   g ra in   i f   the   p lane  and d i r e c t i o n  of s l i p  change  from 

one g r a i n   t o   a n o t h e r .  If a d i s loca t ion  i s  stopped at a g ra in  boundary, 

it obstructs   the  other   dis locat ions  fol lowing it i n   t h e   s l i p   p l a n e .   I n  

work-hardened metals the re  i s  evidence which sugges t s   t ha t   t he  main ob- 

stacles  hindering  the  motion of d i s loca t ions  are o the r   d i s loca t ions  moving 

on i n t e r s e c t i n g   s l i p   p l a n e s  [SI. With r e f e r e n c e   t o   t h e  moving-plug  model 

of c ra te r ing ,   the   average   ve loc i ty   acqui red  by the   p lug  as a resu l t   o f  

t h e  impact w i l l  be reduced if work-hardening occur s   i n  t h e  t a r g e t  metal 

around  the  plug and adds a f u r t h e r   r e s t r i c t i o n   t o  i t s  motion. The e f f e c t  

of t h i s  w i l l  be that   the   s lope  of   the  s t ra ight- l ine  crater-depth-versus-  

velocity  curve  should  be  found t o  be  lower a f t e r  work-hardening  of t h e  

target   metal   around  the  plug  has   occurred.  

Effect  of Lattice Packinq Type 
" 

Latt ice   packing type a l s o  exe r t s   an   e f f ec t  on t h e   s u s c e p t i b i l i t y  of 

a metal t o   p l a s t i c  flow. The number o f   ava i l ab le   s l i p   sys t ems   i n   t he  

la t t ice   packing   types   var ies   in   the   o rder :   hexagonal   c lose-packed  body- 

centered  cubic < face-centered  cubic. With r e f e r e n c e   t o   t h e  moving-plug 

Eodel   of   crater ing,   the   average  veloci ty   acquired by the   p lug  as a re-  

sult of t he  impact will be  lower f o r  a body-centered-cubic  metal  than 

f o r  a face-centered-cubic metal. The e f f e c t   o f   t h i s  w i l l  be t h a t   t h e  

s lope   o f   the   s t ra ight - l ine  crater-depth-versus-velocity curve  should  be 

found t o  be  lower  for  body-centered-cubic metals than  for  face-centered- 

cubic  rcetals. 
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1.5.2 Effect  of Stress-Strain  Behavior 

It has  been  pointed  out €91 t h a t   i n   t h e   d i l a t a t i o n   f i e l d   a r o u n d  a 
d i s loca t ion  some atoms are squeezed   in to   ho les   tha t  are t o o  small f o r  

therz and some are s t r e t c h e d   t o  f i t  la rge   ho les .  The energy  of  the  dis-  

l oca t ion  would be  reduced if the   s i ze s   o f   t he  atoms coincided  with  the 

spaces   ava i lab le   for  them around t he   d i s loca t ion .   In  a s o l i d   s o l u t i o n  

containing atoms  of d i f f e r e n t   s i z e s ,   s o l u t e  atoms mig ra t e   t o   d i s loca t ions ;  

t he   so lu t e  atoms t h a t   a r e   o v e r s i z e ,  as far as t h e   l a t t i c e   s p a c i n g  of t h e  

major  consti tuent of t h e   s o l i d   s o l u t i o n  i s  concerned,   col lect  on t h e  ex- 

panded s ide   o f   t he   s l i p   p l ane  and v ice   versa .  

The motion of t he   d i s loca t ion  i s  r e s t r i c t e d  by the  presence of t hese  

Toreign  atons. A l a rge   force  is needed t o  break  the bond between t h e  

l i s l o c a t i o n  and the   fo re ign  atoms that have become assoc ia ted  w i t h  it. 

A f t e r   t h i s  bond i s  broken,   the   dis locat ion  can move easi ly   under   forces  

t h a t   a r e  lower  than  that  which w a s  requi red   to   b reak   the  bond. When 

many bound d i s l o c a t i o n s   i n  a metal  are supplied  with a f o r c e   t h a t  i s  

s u f f i c i e n t l y   l a r g e   t o   f r e e  them  from their   foreign  a toms,   the metal be- 

comes sof te r .   This  i s  the   Co t t r e l l   t heo ry   o f   t he   sha rp   y i e ld   po in t  [ 9 ] .  

This   type  of   s t ress-s t ra in   behavior  w i l l  a f f e c t   t h e   a p p l i c a b i l i t y  

of t he  moving-plug  model  of c r a t e r ing .  When a l iqu id   d rop   o r   s t ee l   sphe re  

impinges  against a me ta l   t a rge t ,  a pressure  pulse  moves i n t o   t h e   t a r g e t  

aetal. If t h e   t a r g e t  metal i s  charac te r ized  by a s t ress -s t ra in   curve  

t h a t   r i s e s   c o n t i n u o u s l y   a f t e r   t h e   e l a s t i c  l i m i t  has  been  passed,  the 

ta rge t   meta l  t h a t  has been t raversed  by the   p ressure   pu lse  will move i n  

t h e  b p a c t   d i r e c t i o n  as a u n i t ;  it w i l l  become a moving plug. However, 

i f  the   t a rge t   meta l  t h a t  has j u s t  been t raversed  by the   p ressure   pu lse  

suddenly  drops t o  a lower y i e l d   s t r e n g t h ,   t h i s  metal w i l l  be   unzble   to  

sus ta in   the   p ressure   under  which it e x i s t s .  The r e s u l t  w i l l  be   t ha t   t he  

metal   t raversed by the   p ressure   pu lse  may flow ou t   r ad ia l ly   i n s t ead  of 

moving i n  t he  impact d i r ec t ion  as a r i g i d  body. 

To the   ex ten t   tha t  metal f lows   ou t   r ad ia l ly   r a the r   t han   i n   t he   s ing le  

impact d i rec t ion ,   the   depth  of t h e   c r a t e r   t h a t  i s  produced w i l l  be a 

funct ion of t he  second ra ther   than   of  the f i r s t  power of  the  impact ve- 

l o c i t y ;   t h e  crater-depth-versus-veloc i t y   p l o t  w i l l  exhib i t   curva ture .  
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For t h e  case t h a t  t h e   s t r e s s - s t r a i n   c u r v e   r i s e s   a g a i n   a f t e r  a sha rp   y i e ld ,  

it car.   be  expected  that   the  cratering mechanism w i l l  s t i l l  involve  the 

moving-plug  concept t o  a subs tan t ia l   degree .  For th i s   case ,   a l though 

curvature w i l l  exis t ,   the   crater-depth-versus-veloci ty   plot  w i l l  s t i l l  

be c l o s e   t o  a s t r a i g h t   l i n e .  

1.5.3 Use of Dynamic or Quasi-Static  Yield  Strength 
" 

P r i o r   t o   p u b l i c a t i o n  of the   pape r s   desc r ib ing   t he   t e s t  of eqs (1.1) 

and (1.3), considerat ion w a s  given t o  whether   the   quas i - s ta t ic   y ie ld  

s t rengths  or the   e levated  (dynamic)   yield  s t rengths   of   the   target   metals  

should  be  used  for  the  quantity E '  i n  eq (1 .3) .  It w a s  decided  that ,  be- 

ceLse tke  crater ing  process   occurs   with  extreme  rapidi ty ,   e levated  yield 

srrer.@hs  should  be  used;  the  elevated  yield  strengths  that  were  used i n  

ce lcu la t ing   the   theore t ica l   curves  were  dynamic compressive  yield  strengths 

ae temined  by Whiffin [lo]. However, Bel l  [ll] has  found that   thoroughly 

amealec!  pure  metals  are s t r a i n  r a t e  independent a t  a subs tan t ia l   d i s -  

tance from t h e  end of a rod   t ha t  is  s t ruck  by another  rod. On the  basis 

of the   resu l t s   ob ta ined  by Bel l ,   the   ques t ion  as t o  whether  quasi-static 

or elevated  (dynamic)  strengths  should be  used fo r   t he   quan t i ty  E '  must 

be  re-opened. I n  the   case  of c r a t e r   fo rma t ion   t o   dep ths   t ha t   a r e   l e s s  

th&. one sphere diameter below the   sur face  of t h e   t a r g e t   p l a t e ,  it i s  

s t i l l  poss ib l e   t ha t  some e leva t ion   of   the   quas i - s ta t ic   y ie ld   s t rength  

nay occur [12]. If it proves t o  be t rue   t ha t   t he   den t ing   ve loc i ty  can 

be  used t o   r a t e  metals for   re la t ive  drop-impact-erosion  res is tance,  it 

w i l l  be i r p o r t a n t   t o   c l a r i f y   t h i s   a r e a  of   uncertainty.  

1 . 5 . 4  Effect  of Plate  Thickness "- 
h o t h e r   a r e a  of uncer ta in ty   wi th   regard   to   eqs  (1.1) and (1.3)  is 

the   permissible   thickness  of t h e   t a r g e t   p l a t e .  A t  the   t ime  these  equa- 

t iofis were f i r s t  .published [SI, it was sugges ted   tha t   p la tes   th inner   than  

1 .5  t o  2.0 drop (or sphere)   diameters   or   thicker   than 4 t o  5 drop  (or  

sphere)  diameters  should  not  be  used.  Since  that   t ime,  further  considera- 

t ion  has  suggested  that   al though  the limit on p la t e   t h inness  is  c r i t i c a l ,  

t he re  may be no l i m i t  on p la te   th ickness .  If it i s  found tha t   t he   den t ing  

veloci ty   can  serve as a p r a c t i c a l   c r i t e r i o n  of drop-impam-erosion  re- 

s i s t ance ,  t h i s  is  m area of uncer ta in ty   tha t   should   be   explored   fur ther .  
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1.6  Program of Further  Work  on  the  Cratering  Equations 
Equation (1.1) was  derived  on  the  basis  of  a  simple  model  (moving- 

plug  concept)  but  eq (1.3) evolved  from  dimensional  analysis. As part 

of  a  program  of  further  work on these  equations,  it  was  considered  ad- 
visable  to  re-exanine  the  derivation of eq (1.11, to attempt  to  derive 

eq (1.3) from theoretical  considerations,  to  consider  the  effect  of  a 
change  in  temperature  of the target  metal,  and  to  explore  as  far  as  pos- 

sible  all  areas of uncertainty. 

It  was  proposed  to  make  steel-sphere  firings  against  target  plates 

of iron,  tantalum,  nickel,  zinc,  and  Udimet TOO alloy.  The  metals  selected 

?or use  as  target  plates  in  the  new  firings  impose a more  stringent  test 
cz the equations  than  the  metals used earlier [6,7]. When  considered 

two at a  time  they  either  have  similar  sound  speeds  and  different  aen- 
sities  or  similar  densities  and  different  sound  speeds.  See  Table 1.1. 

With  the  sound  speed  essentially  constant  for  the  pairs  tantalum-zinc, 

iron-nickel,  and  Udimet  700-aluminum,  the  effect  of  a  change  in  density 

can  be  checked;  with  density  essentially  constant  in  the  pairs  zinc-iron, 

nickel-copper,  and  Udimet  TOO-iron,  the  effect of a  change  in  sound  speed 
can  be  checked. 

Of  the  netals  selected  for  use  as  target  plates  in  the  new  firings, 
iron and tantalum  have  body-centered-cubic  packing,  zinc  is  hexagonal 

close-packed,  and  nickel  (both  in  the  pure  state  and  in  the  nickel-based 

.=lloy Uaimet 700) has  a  face-centered-cubic  packing.  The  inclusion of 
reials  of  each  of  the  three  lattice  packing  types  should  be  informative 

wit?. regard  to  the  area  of  uncertainty  regarding  the  degree  of  suscepti- 
bility to plastic  flow.  Further  information  on  this  point  should  result 

fron  a  comparison  of  the  cratering  behavior  of  pure  aluminum  with  that 
of  the  aluminum-based  alloy 2024-0 and  of  the  cratering  behavior  of  pure 

nickel  with  that of the  nickel-based  alloy  Udimet 700. Udimet 700 in  the 
aged  condition  is  more  resistant to plastic  flow  than  in  the  solutioned 

condition  (see  Table 3.2). Comparison  of  the  cratering  behavior of pure 
Kickel  with  that of  Udimet 700 in  each of these  heat-treatment  states 

should  provide  further  information. 
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Metal 

Tantalum 

Zinc 

l r u n  

Nickel  

r 

Table 1.1 

17ominal P r o p e r t i e s  of t h e   S e l e c t e d  Metals 

Mel t ing   Po in t ,   Dens i ty ,  Sound  Speed, 
OC g/cm3  cm/sec 

16.6'") 4.235 x 10  5 (b) 
7 ~ 3 3 ' ~ )  4.170 x 10 5 ( c )  

7 . 87da )  5.850 x 10 5 ( c )  

8 .902(a)  5.806 x 10 5 (b) 
Udimet 700 approx.  2400-2650 7 . 9 d d )  6.4 x 10 5 ( e )  

Copper 1083(a)  8.96(a) 4.691 x 10 5 (f) 
Aluminum 657(a) 2 .71(a)  6.318 x 10 5 ( f )  

a 

b)Karl H.  Schrauun, Daten ZW Scha l lgeschwind igke i t   i n   r e inen   Me ta l l en ,  

')I,. Eergmann, Der U l t r a s c h a l l ,  S. H i r z e l  , S t u t t g a r t  (1954) .  
"Genera l   E lec t r i c   F l igh t   P ropu l s ion   D iv i s ion   Ma te r i a l   P rope r t i e s  

e ) C a l c u l a t e d   v a l u e .  

)?.!etals Eandbook, American  Society  for  Metals, Vol; I ,  1961. 

Z . Metal lk .  - 53,  729  (1962).  

Handbook, Vol. 11. 

'Measured by Carroll Tschiegg at the   Nat iona l   Bureau  of S tandards  [TI, 
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2. DEPIVATION OF 'THE CRATERING EQUATIONS 
" 

.at ion (1.1) was derived w i t h  t h e  use o f   e l a s t i c  .an le-wave theory,  

?or kzckqround  purposes, t he   de r iva t ion  of e l a s t i c  plane-wave p a r t i c l e  

v e l o c i t i e s  and stresses due t o  Saint-Venant E131 is  reviewed. 

2. i E l a s t i c  Wave Theory  Applied t o   t h e  Impact  of Rods 
" 

The e l a s t i c  waves tha t   t rave l   th rough  rods  are plane waves. A f a i r l y  

general   case  of  the impact of  rods i s  t h a t  two roas   o f   d i f f e ren t  materlals, 

each  having a veloci ty   of  i t s  own, approach  and  coll ide.  A discussion of 

the   e f fec ts   o f   such  a co l l i s ion   fo l lows .  

I n t e r f a c e  Zoundary Conditions 

Let rods R and R ' ,  composed of materials M and M' and  moving a t  ve- 

l o c i z l e s  V and V ' ,  r espec t ive ly ,  where V - V I  > 0,  approach and c o l l i d e .  

As soon as   co l l i s ion   occu r s ,  waves of  compression, which o r i g i n a t e  a t  t h e  

kgac t   i n t e r f ace ,   beg in  t o  move through  each of the   rods  [13]. If a very 

s h o r t  t k e   i n t e r v a l ,  A t ,  a ssoc ia ted   wi th   the   ins tan t   o f   impact  i s  con- 

s i ze red ,   t he  aTounts of   mater ia l   of   each  rod  that  are t raversed by t h e  

respective  compressional waves are extremely small and it can  be assumed 

t h a t   i n   t h i s   s h o r t  time i n t e r v a l   t h e r e  is  no ga in   o r  l o s s  of momentum. 

The dis tances   that   the   compressional  waves,  which o r i g i n a t e  at t h e  

inpac t   in te r face ,  move i n t o   t h e   r o d s   i n   t h e   s h o r t  time A t  are c A t  and 

c '  A t ,  respect ively.  The s i t u a t i o n  i s  shown diagrammatical ly   in   Figure 

2.1 f o r   t h e  case t h a t  c > c ' ,  V > VI, and  rods R and R '  are moving along 

the  x-axis.  

TWO boundary condi t ions must  be met a t  t h e  impact   in te r face .   F i r s t ,  

LE order   that   the   bars   s imply  remain  in   contact   wi thout  o'ne bar   penetrat-  

inq t k e  o the r   o r  one bar  receding from t h e   o t h e r ,   t h e  material t raversed 

by the  com?ressional waves i n i t i a t e d  i n  each  rod must  have t h e  Same 
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Impact In te r face  

r 

Figure 2.1. Schematic  Representation of the  Impact of Two Rods. 

-reiccitjr ( t i  common veloci ty) .   Secondly,   the  compressi*.-e f o r c e   i n   t h e  

rnaterial  of  each  rod  traversed by the  respect ive  compressional  waves  must 

be equal  because  the  equation  for  one-diinensional  longitudinal  elastic- 

wtive motion i s  based on a balance of force  across  an  element  of a rod. 

The r e s u l t  of t h e  second  boundary condi t ion i s  t h a t   t h e r e  i s  no pressure 

difference  across   the  impact   interface.  

Veloc i t ies  

Let t he  common ve loc i ty ,   requi red  by t h e   f i r s t  boundary  condition, 

be VI. To s inpl i fy   the   mathemat ica l   equa t ions ,   l e t   the   rods   each   be  

cyi incir ical  and  of uni t   cross-sect ional   area.   Conservat ion of momentum 

during  the  short   t ime,  A t ,  r equ i r e s   t ha t  

V* = ( c  p v + c '  p '  V ' )  / ( c  p + c '  p ' )  

= ( 2  v + 2' V') / ( 2  + 2 ' )  (2.2) 

The common veloci ty   given by eq (2.2) i s  e q u i v a l e n t   t o   t h a t  found by 

Saint-Venant[13]who  increased  the  generality  of  the  case by considering 

rods  with  different   cross-sect ional  areas. 

The c a s e   i n  which  one of the  rods is at rest at the   t ime  tha t  i m -  

pact  occurs i s  less general .  If rod R '  i s  chosen t o  be the  rod at r e s t ,  

ther.   fron  conservation of momentum, 
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v * = c p v / ( c p + c ' p ' ) = z v / ( z + z ' )  (2.3) 

Kr,owicg  the  common  velocity,  v*, the  particle  velocities  in  the 

conzressed  zones,  v  ana v', which  are  lost by rod R and  gained  by  rod R ' ,  

respectively, as a result or the  impact,  can  be  determined. 

Similarly, 

V' + v' = v* = (z v f Z'V') / (z + 2') 
v' = z (V - V') / (z + z'). ( 2 . 5 )  

For  the  less  general  case,  in  whlch  rod R' is at  rest  when  the  im- 
pact  occurs, 

v' = v+ = 2 v / (z + z') 
and 

V - v = v * = Z V / ( Z + Z ' )  
v = z' v / (z + z') 

Stresses 

With  the  rods  aligned  along  the  x-axis  as  in  Figure 2.1, unit 

shortenings  au/ax  and  au'/ax  axe  associated  with  the  total  shortenings, 

u and u', due  to  compression  in  the  two rods,  respectively.  According 
to  the  second  boundary  condition  imposed,  the  compressive  force  in  the 

Compressed  section of rod R is  equal to the  compressive  force  in  the  com- 
pressed  section of rod R'. Because  the  compressive  force  is  given  by  the 

prodcct of the  cross-sectional  area, A ,  Young's  modulus, Y, and  the  unit 
elqngation [lk], it follows that 

Because  the  unit  shortening,  au/ax,  is  given [15] by 

au/ax = V/C, 

and  because  for  a  rod, 

Y = c   p = c z  2 
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:;?e cmpressive  force  per   uni t   area,   or   compressive  pressure,  u, i n   t h e  

zozzressec! zofie of  rod R is  ( c  p / c )  [ z '  ( V  - V ' )  / ( z  + z ' ) ] ,  and,  with 

tlse of eq  (2.61, 

2 

For t h e   l e s s   g e n e r a l   c a s e ,   i n  which rod R '  i s  at r e s t  when the  impact 

occurs , 

u = z 2 '  v / ( 2  + z ' )  = 2 '  2 v / ( z  + 2 ' )  = 0'  (2.12) 

2.2 Eerivat ion of Equation (1.1) 

As noted  above,   the   crater ing  equat ions  are   the same for   impacts  of 

l iquid  drops and impacts of s tee l   spheres   wi th  t h e  except ion   tha t   the  

numerical   coeff ic ients ,  which  were assessed from  experimental   data,   are 

d i f f e r e n t .  The o r ig ina l   de r iva t ion  of eq (1.1) was f o r   t h e  impact of a 

Icoving metal p l a t e   aga ins t  a s t a t iona ry   l i qu id   d rop  [6]. The der iva t ion  

t h a t  follows i s  couched i n  terms of t h e  impact of a moving s t ee l   sphe re  

against  a s t a t iona ry   me ta l   p l a t e .  

A t  t h e   i n s t a n t   t h a t  impact  occurs  between a moving s t ee l   sphe re  and 

a s t a t iona ry   me ta l   p l a t e ,  a pressure wave having a c h a r a c t e r i s t i c   p a r t i c l e  

v e l o c i t y ,   v ,  i s  developed i n  a core of metal   through  the  project i le   sphere 

and a pressure wave having a C h a r a c t e r i s t i c   p a r t i c l e   v e l o c i t y ,   v ' ,  is 

developed i n  a core of  metal   that   extends  through  the  target  plate  under 

the  contact   area between the   sphere  and t h e   p l a t e .  The compressional 

wave sp reads   s l i gh t ly  as it moves through  the  thickness of t h e   t a r g e t  

plate;   consequent ly ,   the   core   of  metal under  the  contact  area between 

the  sphere and the  plate   has   the  shape  of  a frustrwn  of a cone. 

For s i m p l i c i t y ,   t h e  true s i t u a t i o n  is  idea l i zed   i n   t he   fo l lowing  

ways : 

( a )  The curved  surface of the  sphere is  regarded as t h e  l i m i t  of f ine-  

ness   of   the   serrated  surface  of  a s tack  of concentr ic   cyl inders  

(see  Figure 2.2) and the  compressional waves produced  both i n   t h e  

sphere and i n   t h e   t a r g e t   p l a t e  are regarded as plane waves in   t hese  

cyl inders .  

(b) The core of metal that   extends  through  the  thickness  of t he  

ta rge t   p la te   under   the   contac t   a rea  between the  sphere and 

17 
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Figure 2.2. Plane-Wave  Idealization of t h e  Impact  Between  a  Steel  Sphere 
and a Plate. (Cross-Sectional  View) 
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tte > l a t e  i s  regarded as a t rue   cy l inder   (cons is t ing   o f   concent r ic   cy l -  

5rCers) t h e t  is  f r e e   t o  move i n   t h e  impact d i r e c t i o n   b u t   t h a t  i s  re- 

s t r a i c e d   l a t e r a l l y .  A.'simiiar cy l inder  i s  assumed t o   e x i s t   t h r o u g h   t h e  

Cianeter of t he   s t ee l   sphe re .  

The c o n d i t i o n   o f   r e s t r a i n t   ( t h e  metal in   t he   cy l inde r s   ex t end ing  . 

through  both  plate and  sphere  does  not move l a t e r a l l y )   h a s   t h e  consequence 

t h a t   t h e  sound speeds  that  must  be  used f o r   t h e   s t e e l  of the sphere  and 

f o r   t h e   n e t a l   o f   t h e   t a r g e t   p l a t e  is t h e  speed  of sound i n   i n f i n i t e  medium 

giver  by eq ( 1 . 4 ) .  That t h i s  I s  t h e  consequence  of t he  condjtion of l a t -  

e r a l   r e s t r a i n  [6] i s  reviewed below . (3) 

The condjtion of r e s t r a i n t  is that the re  i s  no l a t e ra l   mo t ion .  Ac- 

cordlnq co Esske's l a w ,  

where Y is Young's  modulus o f   e l a s t i c i t y ,  cl i s  t h e   l o n g i t u d i n a l   s t r a i n ,  

u i s  the   longi tudina l  stress, v i s  Po i s son ' s   r a t io ,  and ur i s  t h e  radial 

s t r e s s .  A l s o ,  
1 

(2.14) 

By subs t i tu t ing   the   express ion   for  u given by eq  (2.15)  into  eq  (2.131, r 
it i s  found. t h a t  

and ,  because for  plane waves c = (al / p cl) 4 , 

This i s  t h e  speed  of  sound i n   a n   i n f i n i t e  medium and,   therefore ,  it is  

( 3  )The proof that  follows i s  due t o  D r .  John M. Frankland,  former con- 
s u l t a n t   f o r   t h e  Mechanics Sect ion of the  Nat ional  Bureau of  Standards. 
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6esor;strateC  that   the  consequence  of  the  condition  of  restraint  i s  t h a t  

the  speed  of  sound i n   a n   i n f i n i t e  medium must be  used  for  c and f o r   c '   i n  

place of t h e  speed of sound i n  a rod. 

The physical  model of   c ra te r ing   used   in   der iv ing   eq  (1.1) i s  t h a t  

permanent novement occurs  between  the  core  of  metal   through  the  target 

plate   under   the  contact  area and the  remainder  of  the metal of t h e   t a r g e t  

p i a t e .  The core of t a rge t   me ta l  moves i n   t h e  impact d i r ec t ion .   In   t he  

C E S P  o f  t h i n   p l a t e s ,   t h e  movement of t h i s   c o r e  of m E a l  forms a bulge on 

%e reverse   face of the   t a rge t   p laLe .   In   the   case   o f   th ick   p la tes ,   the  

moverzent of the   core   o f -meta l  is absorbed by t h e  metal through  the  thick-  

ness of t he   p l a t e .  

A t  very low velocit ies  cratering  does  not  occur  because  the  shear 

s t rength  of t h e   t a r g e t  metal prevents permanent  displacement  between  the 

core of c e t a l  under  the  impact area and the  remainder  of  the  metal  of 

t h e  t a r g e t   p l a t e .  To take  account of t h i s   behav io r ,  it i s  conceived 

t k a t  there  i s  a threshold  impact  velocity,  Vi,  below  which crater ing  does 

not  occur. Fron; eq (2.6), t h e  plane-wave p a r t i c l e   v e l o c i t y   i n   t h e   t a r g e t  

p l a t e  i s  z V / ( z  + 2') where z i s  acous t ic  impedance given by eq (1 .2)  

anC V i s  t h e   r e l a t i v e  impact ve loc i ty .  Under the   cond i t ion   t ha t   t he  

t a r g e t   p l a t e '  i s  s t a t iona ry ,  V i s  the   ve loc i ty   o f   the  moving sphere  that  

inDinges  against it. Primed q u a n t i t i e s   r e f e r   t o   t h e   m e t a l  of t h e   t a r g e t  

p l a t e ;   u n p r i n e d   q u a n t i t i e s   r e f e r   t o   t h e   s t e e l   o f  which the   s t ee l   sphe re  

i s  composed. The p a r t i c l e   v e l o c i t y   t h a t  i s  e f f e c t i v e  i n  producing a 

c r a t e r  i n  t h e   t a r g e t   p l a t e  i s  expressed  in  terms of the   ve loc i ty   d i f -  

ference V - V .  and is  given by 
1 

V '  = z ( v  - V i )  / ( z  + z ' )  
e f  f (2.18) 

I f   t h e   p a r t i c l e s  of so l id   in   the   core   o f   t a rge t   meta l   under   the  

contact   area move i n   t h e  impact d i r ec t ion  for a time t ,  the  depth 6 '  of 

t h e   c r a t e r  produced i n   t h e  metal p l a t e  w i l l  be  given by 

6 '  = v' t ef  f ( 2 . 1 9 )  

The impact  cut-off  time, t ,  i s  t a k e n   t o  be   p ropor t iona l   to   the  time re- 

quired  for  the  pressure  pulse  developed i n  t h e   s t e e l   s p h e r e   t o  move 

through  the  sphere,   ref lect  as a tens ion  wave from t h e   t r a i l i n g   s u r f a c e  
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sf t:-.e slrhere , and   r e tu rn   t o   t he   impac t   su r f ace .  The impact  cut-off time 

i s  :her, given by 

t = k d / c  (2.20) 

where k i s  a numerical   proportionali ty  constant,  d i s  the  diameter  of t h e  

s teel  sphere, and c i s  the  speed of sound i n   i n f i n i t e  medium f o r   t h e  s teel  

of which t h e  steel sphere i s  composed. 

Subst i tut ing  eqs   (2 .18)   and  (2 .20)   into  eq  (2 .19) ,  one f i n d s   t h a t  

(2.21) 

Recourse to   experimental   crater-depth-versus-veloci ty   plots   for   impacts  

cf sU=ol spheres  against  face-centered-cubic  pure metals has  indicated 

[-I tha t   the   numer ica l   cons tan t ,  k ,  i s  17.5.  Equation  (2.21) i s  i d e n t i c a l  

w i t h  eq (1.1) f o r   t h e  impact  of l iqu id   d rops   aga ins t  metal p la tes   except  

for   the   numer ica l   cons tan t .  

Secause z, z ' ,  and c are constant   propert ies   of   the  s teel  of   the  

sphere and of   the  metal of   the   t a rge t   p la te ,   c ra te r   depth   for   impacts   o f  

s teel  spheres   aga ins t   t a rge ts   o f  a s p e c i f i c  metal i s  given by 

6 = k* d [V - vi] 
where  

(2.22) 

k* = k z / c (z + z') (2.23) 

Renenbering t h a t  k i s  a numerical  constant,  the  dimensions of t h e  con- 

s t e n t  k* ere sec/cm. For f i r i ngs   w i th  s teel  spheres   of   the  same s i z e ,  

6' = K [V - Vi] (2 .24)  

where 

K = k * d  (2.25) 

2.3 Derivation of Equation (1.3) 
It remains t o   d e r i v e   t h e   e x p r e s s i o n   f o r   t h e   i n t e r c e p t   v e l o c i t y ,  V i ,  

which, i n   t h e   o r i g i n a l   t r e a t m e n t  [6], was obta ined   th rough  recourse   to  

dimensional  analysis.  As noted   above ,   the   in te rcept   ve loc i ty ,  Vi ,  ex- 
presses   the   boundary   condi t ion   tha t   there  is  a v e l o c i t y  below  which 
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relaTi-re  aoveEent w i l l  not  occur  between the   co re  .of t a r g e t  metal and 

t k  remaining metal of   the  tarp;et p la te .   Wi th in   the  metal, t h e  boundary 

cor.8it ion  that   gvverns wnecher or  not t h i s  movement w i l l  occur is t h e  

c r i t e r i o n   f o r   i n i t i a t i o n  of p las t ic   f low.  

Let it be assumed t h a t   s l i p  between the   core   o f  metal under  the i m -  

?act   area  acd  the  remaining  netal  of t h e   p l a t e  w i l l  occur when t h e   s t r a i n  

er,erg.. per   un i t   vo lune   in   the   core   o f  metal, which  has  been  traversed by 

t h e   e l a s t i c  wave, becomes e q u a l   t o   t h e   s t r a i n   e n e r g y   p e r   u n i t  volume t h a t  

t h e   t a r g e t  metal can  accept   without   plast ic  f l o w .  

Tke s t ra in   energy  of   deformation  per   uni t  volume i n  t h e  e l a s t i c  wave 

I s  glver. by [14]  t he   quo t i en t  u' / 2 Y' . The s t r a i n   e n e r a y   p e r   u n i t  

v c l x e  i n  t h e   s o l i d   a t   t h e   y i e l d  stress i s  given  by u' E '  / 2, where 

sub-y refers t o   t h e   y i e l d   p o i n t .  Using  eq  (2.12)  for  the  elastic-wave 

s t r e s s ,  u', and the  assumption  regarding  the  threshold  veloci ty   given 

above, 

2 

Y Y  

Tor t h e  threshold  condi t ion,  t he  p a r t i c l e   v e l o c i t y ,   v ' ,  is given  by 

eq ( 2 . 6 )  with V = Vi.  Dividing  both  sides  of  eq  (2.27) by t h i s   p a r t i c l e  

ve loc i ty ,  znd multiplying  both  sides by c ' ,  produces  the  equal i ty  

z z '  vi / ( z  + z ' )  = u' 
Y 

f'rom which 

v.  = Q '  ( z  + z ' )  / z z'.. (2.30) 
1 Y  
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Table 2.1 

iralues  of  the  Factor  (zc / z ' c  ' )' for   Three  Types  of P r o j e c t i l e  
"" - 

0.091 

e Zinc  0.129 

Iiickel 270 0.089 

c Cas% Tantalum 0.090 

d i n e t  7 0 0 ,  Aged 0.087 

d i r e t  7 0 0 ,  Solutioned 0.087 

1100-0 Alurcinun: 0.144 

0.106 

~ 
~ ~- 

(zc  / Z ' C +  
f o r  

mercury  drops 

0.324 

0.461 

0.317 
0.321 

0.311 

0.311 

0.513 
0.380 

~~ 

(zc  / Z ' C ' )  32 
f o r  

st eel  spheres 

1.00 

1.43 

0.98 

0.99 
0.36 

0.96 

1.59 
1.18 

X i t h  u'  s e t   e q u a l   t o  E ' ,  which was taken t o  be   t he  dynamic  compres- 
Y 

sive  yield  s t rength,   eq  (2 .30)  i s  ident ica l   wi th   eq  (1.3) excep t   t ha t   t he  

fzc tor   (zc /z ' c ' ) '  i s  missing. The phys ica l   s ign i f icance   o f   the   fac tor  

( z c / z   ' c '  )', which i s  required by the   empir ica l   equa t ion   for   dent ing  ve- 

l o c i t y ,  i s  not  understood.  Values  of th i s   fac tor   for   impacts   o f  water- 

drops,  mercury drops,  and s teel  spheres   aga ins t   e igh t  metals are l i s t e d  

in  Table  2.1. From the   t abu la t ion  it can  be  seen  that   for   s teel-sphere 

i x p a c t s   t h e   v a l u e   o f   t h i s   f a c t o r  i s  e s s e n t i a l l y   u n i t y   b u t   f o r  mercury- 

drop  impacts it i s  abou-c 0.3 and  for  waterdrop  impacts it i s  about 0.1. 

The va lues   o f   the   fac tor  (zc  / z ' c ' )   g i v e n   i n  Table 2 .1   i nd ica t e  % 

t h a t   t h i s   f a c t o r  is e s s e n t i a l  when t h e  modulus o f   e l a s t i c i t y   o f   t h e  

s t r i k i n g   b a l l  is  d i f f e r e n t  from t h e  modulus o f   e l a s t i c i t y   o f   t h e  metal 

of t h e   t a r g e t   p l a t e .  T h i s  sugges ts   tha t  a coupl ing   fac tor  between the 
mater ia l  of the s t r i k i n g   b a l l  and t h e  metal o f   t h e   t a r g e t   p l a t e   i n   a d d i -  

t i o n  to the   presence  of   both z and z '  i n   t he   e l a s t i c -wave  stress u' given 

by eq (2.12) may be  needed. 
"- 
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Ir, tnis comect ion  it i s  notewor thy   tha t   i f   the   condi t ion  is imposed 

t h a t  zhe strain energy  of  deformation  per  unit  volume i n   t h e   c o r e   o f  tar- 

get  r-etal being  traversed by t h e   e l a s t i c  wave i n  t h e   t a r g e t   p l a t e  i s  equal 

t o  t h e  s t ra in  energy of deformation  per  unit  volume i n  the  core   of  ma- 

t e r i s l   be ing   t r ave r sed  by t h e   e l a s t i c  wave in   t he   s t r i k ing   sphe re   o r  

crop, then 

F'urti.ermore, i f   t h e   c o n d i t i o n  for s l i p  between the  core   of   target   metal  

acc the   rena in ing   meta l   o f   the   p la te  i s  t a k e n   t o   b e   t h a t   t h e   s t r e s s   d i f -  

fe rence   be tueec   the   meta l   core  and the  remaining  metal  of t h e   p l a t e  be- 

comes equal to t he   y i e ld   s t r eng th  of  the   p l a t e   me ta l ,   t hen  

and 

Equation  (2.33) is ident ical   wi th   eq  (1 .3) .  However, there   appears  

t o  b.e  no t h e o r e t i c a l   j u s t i f i c a t i o n   f o r  imposing the   condi t ion  of equal 

s t ra in  energy of deformation  per  unit  volume in   the  mater ia l   both  of   the 

target and of the ball t h a t  is  being  traversed by e l a s t i c  waves. 

The theo re t i ca l   r ea son   fo r   t he  need of t h e   f a c t o r   ( z c / z ' c '  )' remains 

t o  be  found. 
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3. PREPARATION OF TEST  SPECIMEmS MEASUREMENT REQUIRED PROPERTIES 

To ob ta in   expe r imen ta l   c r a t e r ing   da t a   t o   t e s t   fu r the r   t he   equa t ions  

t h a t  have  been  developed,  additional  steel-sphere  f ir ings were made 

aga ins t   t a rge t   p l a t e s  of i ron ,  tantalum, n icke l  , z inc ,  and Udimet 700 

a l loy .  The preparation  of test  specimens  and t h e  measurement  of 

requi red   p roper t ies   o f   the  metals t h a t  were obta ined   for   the   s tudy   a re  

described i n  t h i s   s e c t i o n .  

3.1 " Source and Chemical  Composition Data for  the  Selected  Metals 

I ron 

A s ing le  length of cold  drawn,  nominal  1-inch-diameter,  round  rod 

of Armco magnetic  ingot  iron  (heat No. 66080) w a s  purchased  from  the 

Lapham Hickey S t e e l  Company at Chicago, Ill. 

The c e r t i f i e d  t es t  report   submitted by t h e  vendor i n d i c a t e s   t h a t  

the  following  elements  could  be  present  in  the  specified  percentages:  

carbor., 0.025; manganese, 0.054; phosphorus, 0.006;  s u l f u r ,  0.011; 

s i l i c o n ,   t r a c e ;  and copper, 0.062. Presuming tha t   t he   ba l ance  i s  i r o n ,  

the  i ron  content  i s  99.842 percent.  

For a fu r the r  check on the   pu r i ty   o f   t h i s   me ta l ,  it w a s  subjected 

t o  N.S.L. spectroscopic  survey. The major  impurit ies  in  percent were 

found t o  be: copper, 0.049; manganese, 0.003; coba l t ,  less than 0.005. 

The following  elements were found i n  less than 0.001 p e r c e n t :   s i l v e r ,  

aluminum,  magnesium, n icke l ,  chromium, vanadium, s i l icon,   z i rconium, 

sodiun,   t in ,   potassium,  l i thium, and molybdenum. The following  elements 

were  looked f o r  and  not  detected:  arsenic,   boron,  bismuth,  calcium, 

\columbium, cadmium, lead, antimony,  strontium,  barium,  titanium, 

t d g s t e n ,  and zinc. Carbon was determined  separately  using  hiqh- 

temperature  combustion  followed  by  conductimetric  determination of 
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c z r j o r .   d i ~ x i d e ' ~ ) .  Eiesults ob ta ined   fo r  two  specimens  of t h e  metal 

vere 3C and 85 ppm, respec t ive ly .  

On tine basis   of   the   separate   determinat ion  of   carbon  and  of   the 

spec t roscop ic   r e su l t s   fo r  manganese, coba l t ,  and  copper in   conjunct ion 

w i t h   t h e   c e r t i f i e d   t e s t  results f o r  phosphorus  and s u l f u r ,   t h e   i r o n  

content is  99.918 percent  presuming  that   the  balance is  i ron .  

The reported  processing  his tory i s  that  the  1-inch-diameter  rod 

received was cold drawn from 1.0625-inch-diameter  hot-rolled  magnetic 

ingot  iron  bar.   There was no process  anneal on the   ho t - ro l l ed  metal 

o r  after cold  drawing. Data on the  as-received  condi t ion of the metal 
8re as fo l lows:  s t ruc tu re ,   co ld  worked; g ra in  s ize ,  approximately 

A.S.T.X.  No. 5 t o  No. 6. 

Tantalum 

A single  length  of  nominal  1-inch-diameter  round  rod of Haynes 

tantalum, A.S.T.M. Speci f ica t ion  B-365-62TY was purchased  from  the 

Union Carbide  Corporation at Kokomo, Ind. The heat  was No. 81444. 

The c e r t i f i e d   r e p o r t  of chemical  analysis  supplied by the  vendor 

lists the  fol lowing  e lements   in   the  percentages  specif ied:   tungsten,  

less than 0.01; i r o n ,  less than  0.01; carbon,  0.001;  si l icon, less 

than 0.01; n icke l ,  less than 0.005; columbium, 0.10; t i tanium, less 

than 0.01; oxygen, 0.0077; hydrogen, 0.0003; n i t rogen ,  0.0012; 

balance  tantalum. On t h e   b a s i s   o f   t h i s  analysis, t h e  metal suppl ied 

is  a t  l e a s t  99.845 percent tantalum. 

The repor ted   p rocess ing   h i s tory   o f   th i s   t an ta lum metal is  a 96 
p e r c e n t   r e h e t i o n   i n   a r e a .  The as-received  condition of t h e  metal w a s  

(4)Determination  of  carbon was car r ied   ou t  by Mr. Harold  Bradley  of 
S .P.P. S. Chemistry  and  Physics  Unit,  General  Electric Company, 
Evendale,  Ohio. 
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as f o l l o w :  s t ruc tu re ,   co ld  worked;  hardness , 135 DPH ( B r i n e l l  118 
e?ui-rr,lent ) . 

A s ingle   l ength  of nominal  1-inch-diameter  round  rod of Nickel 270 

('neat No. NP04AgH) was purchased  from  the  Huntington  Alloy  Products 

Division of t he   In t e rna t iona l   N icke l  Company, Inc . ,  at Huntington, 

W. Va. 

The cer t i f ied   repor t   o f   chemica l   ana lys i s  of t h e   h e a t  , which was 

supplied by the  vendor,  l ists  the  following  elements  present i n  t h e  

specified  percentages:   carbon, 0.01; s i l i c o n ,  less than  0.001, 

xcanganese, less than 0.001; i ron ,  less than 0.001; sulfur , less t han  

3.001; copper. less than 0.001; chromium, l e s s   t h a n  0.001; t i t an ium,  

less than 0.001; magnesium, less than  0.001; and coba l t ,  less than  

0.001. Assuming t h a t   t h e   b a l a n c e  is n icke l  , t h e  metal i s  99.981 

percent   nickel .  

The bas ic   p rocess ing   h i s tory   o f   the  metal as suppl ied by t h e  

vendor is  as follows. High pu r i ty   n i cke l  powder is compacted i n t o  a 

ljillet by i s o s t a t i c   p r e s s i n g .  The b i l l e t  is s i n t e r e d  at 2000°F i n  

hydrogen  and t h e   s i n t e r e d   b i l l e t  is hot-rolled  to  1.125-inch-diameter 

rod.  This  rod is  cen te r l e s s  ground t o  uniform  diameter  and  cold-drawn 

t o  a 1-inch  diameter  with  approximately 16 percent   reduct ion   in  area. 

The metal   received was i n  t h e  cold-drawn condition.  Mechanical 

propert ies   suppl ied by the  vendor are: t e n s i l e   s t r e n g t h ,  77,000 p s i ;  

0.2 percent   o f fse t   y ie ld   s t ren&h,   75 ,500   ps i ;   e longat ion ,  22 percent ;  

r d u c t i o n  i n  area, 87 percent;   hardness,  81 Rockwell B. 

The zinc metal, which was purchased  from  the  Calex  Corporation at 

Campbell, 0. , consis ted of 1.25-inch-diameter  round  rod. The metal 
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supplied w a s  from  one heat .  The p u r i t y   o f   t h e  metal, as reported by 

Mr. John Stavich,  is 99.997 percent  zinc.  The major impur i t ies  are: 

l ead ,  0.001 percent ;  .cadmium, 0.0005 percent ;   and  i ron,  0.0015 percent .  

The metal was cast i n t o  a b i l l e t  and  then  extruded as 1.25-inch- 

diameter  rod. 

Udimet 700 Alloy 
" 

'Jdimet 700 alloy round  rod,  1.125  inch  in  diameter and ordered t o  

Keet S.P.F.S. Spec i f ica t ion  01-0065-OO-A, was purchased  from  Allvac 

!4etels Cowany a t  Monroe. N.C. The metal was suppl ied from  one heat 

(nea t  No. 3812). 

The cer t i f ied  percentage  chemical   composi t ion  of   the  a l loy,  which 

was supplied by t h e  vendor , is  as follows : carbon , 0.104;  sulfur,   0.002; 

manganese, less t h a n  0.02; s i l i con ,   0 .04 ;  chromium, 14.47;  molybdenum, 

4.32;  cobalt , 15.55; t i t an ium,  3.18; aluminum, 4.28;  boron, 0.012; 

zirconium, less than  0.02;  iron,  0.31;  copper, less than  0 . 0 2 ;  

phosphorus , 0.004;  balance,  nickel. On t h e   b a s i s   o f   t h i s   r e p o r t  , t h e  

nickel   content  is  about  42.33  percent. 

The bas ic   p rocess ing   h i s tory  of t h e  wrought a l l o y  i s  as follows. 

The cons t i tuent   e lenents  were  melted i n  vacuum i n  an induction  heated 

fkrnace. The resu l t ing   ingot  was shaped i n t o  a cy l ind r i ca l   e l ec t rode  

and  consumable-electrode vacuum-arc mel ted   in to  a 12-inch-diameter 

ingot.   This  ingot was hea ted   for  10 t o  1 5  hours a t  2025'F p r i o r   t o  

r o l l i n g .  It was h o t - r o l l e d   t o  a 1.125-inch-diameter  rod  over  the 

temperature  range 1900-2025°F with numerous r e h e a t s   t o  2025'F. F i n a l l y ,  

it w a s  annealed f o r  four   hours  at 1975 F and a i r  cooled. The 2135'F 

solut ion  anneal  was omitted  because a small g r a i n   s i z e  i s  needed i n  

forging t i e  bol t s   and   par t  of t h e  Udimet TOO a l l o y  was obta ined   for  

this   purpose.  

0 
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3.2 Prepzration of Specimens 

3.2.1  Hachining 

Twenty impact  specimens t o  be  used as t a rge t s   fo r   t he   s t ee l - sphe re  

f i r i n g s ,  two t e n s i l e  specimens for   the  determinat ion of quas i - s t a t i c   y i e ld  

s t rength ,  and  one  sound  speed  specimen  were  machined  from  each of t h e  

ne t a l s .   I n   add i t ion ,  one  sound  speed  specimen was machined  from a 

c iece  of t h e  52100 steel  of which the   s t ee l   sphe res  were fabr ica ted .  

IETact  Specimens 

Tze t e r g e t   p l a t e s  are r igh t   c i rcu lar   cy l inders   having  a diameter 

of 1.000 2 0.016 inch and a length of 0.500 2_ 0.016  inch. The impact 

face i s  f l a t   t o  0.001 inch   t o t a l   i nd ica to r   r ead ing .  The impact  face 

was given a 15-microinch  f inish at the   t ime  the   t a rge t   p la tes  were 

machined; a l l  o ther   sur faces  were f i n i s h e d   t o  125  microinch  or  better.  

The impact face  w a s  l a t e r   p o l i s h e d  as described below. 

Tensi le  Test Specimens 

Specimens f o r   q u a s i - s t a t i c   t e n s i l e  tests were  machined t o  meet 

S.P.P.S. Drawing SK56162-862. These  specimens are   of  small s i z e .  They 

have a l-inch  gauge  length  and a 0.160-inch  gauge  diameter. 

Sound Speed  Specimens 

?he sound speed  specimens are r igh t   c i r cu la r   cy l inde r s .  The 

srnallest   of  these  specimens  are  one  inch  in  size.  The f l a t  ends  were 

given a s u r f a c e   f i n i s h  of 32 rms o r   b e t t e r .   A f t e r   f i n i s h i n g ,   t h e  ends 

were f l a t   t o   w i t h i n  0.001 inch   t o t a l   i nd ica to r   r ead ing  and perpendicular 

t o   t h e   a x i s   t o   w i t h i n  0.001 inch. The corner  radii   did  not  exceed 

0.080 inch. 

3.2.2 Heat Treatment 

It was necessa ry   t o  make a decis ion as t o  what state t h e  metals 

should   be   in   for   use  as t a r g e t   p l a t e s   i n   t h e   f i r i n g s .  The c r i t e r i o n  
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adopted for   annea l ing   condi t ions   to   be   used   for   the  metals was a com- 

prorcise  between two requirements").   'These  requirements  were  that   the 

maximu amount of  cold work should  be removed from t h e  metals and t h a t  

the  grain  s ize   should  be  maintained as small as possible .  

The f irst  requirement i s  d i c t a t ed  by t h e  need t o   t e s t   t h e  metal i n  

i t s  most c h a r a c t e r i s t i c   s t r e n g t h  state. T h i s  requirement  can  be 

f k l f i l l e d   s a t i s f a c t o r i l y  by r ec rys t a l l i za t ion   a lone .  Most of t h e  

work i n  a x e t a l  is  removed by r e c r y s t a l l i z a t i o n ;   a f t e r   r e c r y s t a l l i z a t i o n  

is complete,   there is  essent ia l ly   on ly   an   increase  i n  grain  s ize- .  

The second  requirement is  d i c t a t e d  by t h e   f a c t   t h a t ,   i f   t h e   g r a i n  

s i z e  is  l a r g e   i n  comparison  with  the  size of the  impinging  spheres,  

s c a t t e r  may be  introduced  into  the  crater-depth  data .   Scat ter  i s  t o  be 

expected i f  t h e   g r a i n   s i z e  i s  l a r g e  i n  comparison  with  the  sphere  size 

because  target  areas  covered by  some impacts may l i e  wholly  within 

single  grains  whereas  those  covered  by  other  impacts may extend  across 

one or  more gram ooundaries. 

3ecause  grain growth  begins as soon as r e c r y s t a l l i z a t i o n  i s  com- 

plete ,   tne   desired  anneal ing  condi t ions  are   those  that  w i l l  produce maxi- 

m rec rys t a l l i za t ion   w i th  minimum gra in  growth.  Preliminary  studies 

were car r ied   ou t   to   de te rmine   the  optimum processing  condi t ions  for  

the  specinens  of  each of t he   me ta l s   t o  be  used i n   t h e   f i r i n g s .  The 

heat treatments tha t  were se l ec t ed  on t h e   b a s i s  of t hese   s tud ie s   a r e  

described below. 

(5 )The   c r i t e r ion   s e l ec t ed  was adopted at the  suggest ion of 
D r .  J.W. Semmel, Jr.,  Manager of S.P,P.S. Materials and Processes 
U n i t ,  and of Dr. Cecil  G. Dunn of the  General   Electric  Research 
Laboratory , Schenectady , N. Y.  
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R e c r y s t a l l i z a t i o n   t o  a f ine-gra ined   s t ruc ture  was obtained when a 

speciner. of t h e   n e t a l  was hea ted   for   th ree   hours  at 1750°F, which is  

above t h e  alpha-to-gamma transformation  temperature(6).  All of t h e   i r o n  

specimens  (impact  specimens, tensile tes t  specimens,  and sound  speed 

specimen) were then   hea ted   in  a Brew-type laboratory  furnace at 1750°F 
i n  a vacuum of 6 x mm mercury for   th ree   hours  and furnace  cooled. 

The gra in   s ize   o f   the   hea t   t rea ted   spec imens ,  as determined  by  micro- 

examination at 100 X ,  w a s  a uniform A.S.T.M. No. 4 t o  No. 5 .  The 

hardness  of  the  heat  treated  specimens was found t o   b e  Rockwell F 75.4 
(Br ine l l  7 0 ,  equivalent)  which is lower  than  the handbook va lue   for  

fully annealed  ingot  iron. 

Tantalum 

Recrys ta l l iza t ion  was found to   be   no t   qu i te   comple te   a f te r  a 

l-hour heat  treatment at a temperature  of 220O0F; it was complete a f t e r  

heat  treatment a t  2300°F f o r   t h e  same length  of time(6). Uniform gra in  

s i z e  w a s  not  achieved. A l l  of the  tantalum  specimens  (impact  specimens, 

t e n s i l e   t e s t  specimens,  and  sound  speed  specimen)  were  heat t r e a t e d  a t  

2350°F f o r  one  hour at a puessure less than 5 x mrn mercury. The 

gra in   s ize   ob ta ined  was 'A.S.T.M. No. 1 with some gra ins  as l a rge  as 

A.S.T.M. No. 0. The average of t h r e e  Tukon microhardness  measurements 

using a 100-g load was 94 DPH ( B r i n e l l  < 89, est imated  equivalent) .  

Nickel 

It was found tha t   hea t  treatment") at 900°F f o r  one  hour  produced 

a comple te ly   recrys ta l l ized   s t ruc ture   wi th  A.S.T.M. No. 6 g r a i n   s i z e  

(E),r. W.F. Zimmennan, Manager o f  S.P.P.S. Material   Applications,  and 

(7)Mr. L.B. Engel  of  S.P.P.S. Physical  Metallurgy  Unit  took  charge  of  the 
heat   t reatment   of   the   nickel  and Udimet TOO specimens. He a l s o  made 
a detai led  s tudy  of   the state of t h e  metal in   t he   z inc  specimens  using 
X - r a y  techniques.  

Yz. D.S. Engleby were in  charge  of  the  heat  treatment  process.  
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and 62 Rockwell F hardness   (Brinel l  151, equivalent).  Because of t h e  

d i f f i c u l t y   t h a t  i s  encountered i n  c o n t r o l l i n g   t h e  Brew-type vacuum 

m n a c e  at t h i s  low temperature,  a l l  of the   n icke l   spec imens . ( impact  

specimens,   tensi le  tes t  specimens , and  sound  speed  specimen)  were  heat 

t r e a t e d  i n  air f o r  one  hour a t  900°F i n  a Lindberg Hevi-Duty furnace.  

?hey  were  removed  from the   furnace  and a i r  cooled. The oxide  layer  

w a s  removed in   the   po l i sh ing   opera t ion .  

Zinc 

;a!etallographic of the   sur face   l ayer   o f   the  metal 

revealed  equiaxed  grains of a s ize   roughly   equiva len t   to  A.S.T.M. No. 6. 
The equiaxed  character   of   the   grains   suggested  that   the  metal i n   t h e  

sur face   l ayer  had r ec rys t a l l i zed  as a resul t   of   heat ing  during  the 

surface  gr inding  operat ion af ter  t h e  specimens  were  machined.  After 

a 0.003-inch layer   o f   the   sur face  metal had  been  removed,  metallographic 

examination  revealed  equiaxed  grains of a s i z e  roughly  equivalent t o  

A.S.T.M. No. 2. The equiaxed   charac te r   o f   these   g ra ins ,   in   conjunct ion  

wi th   t he i r   l a rge   s i ze ,   sugges t ed   t ha t   t h i s  metal had  annealed at a 

temperature  in  excess of i ts  recrys ta l l iza t ion   tempera ture  a t  the  t ime 

tha t   the   z inc   rod  was extruded. 

For an  impact  study it i s  important t h a t  the   target   metal   be  

unifo-zx from the   su r f ace  inward. I n  order   tha t   the   z inc   meta l  be 

komogegeous  from the  surface  inward,   the  small gra ined   sur face   l ayer  

w a s  removed from all of the  zinc  specimens  (impact  specimens,  tensile 

t e s t  specimens,  and  sound  speed  specimen).  This was accomplished  with 

use  of a combination  of  metallographic  grinding and e lec t ropol i sh ing .  

Udircet 700 Alloy 
” 

It was spec i f i ed   t ha t   t he  Udimet TOO metal i n  t he   so lu t ioned  con- 

di t ion  should  have  the smallest poss ib l e   g ra in   s i ze  i n  conjunction  with 
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a un i fo rm  d i s t r ibu t ion   o f   f i ne   pa r t i c l e s   o f  y '  phase. By t r i a l  

w a s  found t h a t   t h i s   c o n d i t i o n  i s  s u f f i c i e n t l y   r e a l i z e d   i n   t h e   s t a n d a r d  

Seat  treatment  of Udirnet 700. On t h e  basis of t h i s   conc lus ion ,  enough 

of the  Udinet 700 rod   s tock  t o  make the   r equ i r ed  number of  impact 

specimens , t e n s i l e  t es t  specimens , and  sound  speed  specimen was 

solut ioned at 2135'F fo r   fou r   hour s  i n  a Lindberg Hevi-Duty furnace  and 

air cooled(7).  The harchess  of this metal was  found t o   b e  Rockwell A 69 

(Br ine l l  342, equivalent ) . 

( 7 )  it 

For  fabrication  of  aged Udimet TOO specimens, a s u f f i c i e n t   q u a n t i t y  

of t h e  Udimet 700 rod  s tock was given  the usual p r e l i m i n a r y   p a r t i a l  

heat  treatment:   heat at 2135'F for   four   hours  and air cool;   heat at 

1975OF f o r  four hours  and air  cool ;   heat  at 1550'F for   12   hours  and air 
After the specimens  (impact  specimens, t e n s i l e  t es t  specimens , 

and  sound  speed  specimen) were machined  from t h i s  m e t a l ,  they were 

g iven   the   fo l lowing   f ina l   hea t   t rea tment :   hea t  a t  1550°F f o r  12 hours 

and air cool;   heat at 1400°F f o r  16 hours  and air cool. The f i n a l  

heat  treatment  of  the machined  specimens was car r ied   ou t  at the  General  

E l e c t r i c  Company, hrendale,  O.,  wi th   use  of   the   Lindberg Hevi-Duty 

furnace"). The hardness  of  the  aged Udimet 700 was found t o   b e  

Rockwell A 68; 3 (Br ine l l  332 equiva len t ) .  

3.2.3  Polishing 

The  impact face of t h e   t a r g e t  specimens  of  each metal (except 

z inc)  was p ~ l i s h e d ' ~ ) .  The pblishing  procedure was car r ied   ou t  on a 

St rue r s  mover and variable-speed  wheel  using a 500-g load  at 

(e),e prel iminary  heat   t reatment   of   large  pieces   of   the  metal w a s  
car r ied   ou t  a t  Honeycomb Products , Inc.  , Indianapol is  , Ind. 

("The pol ishing  processes  were carr ied  out   by Mr. H . J .  Bauer  of 
S.P.P.S. Metallography Unit. 
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100 rpm. me s teps   in   po l i sh ing   each  metal are given  below. The 

specimens were ultrasonically  cleaned  between  each  polishing  step.  

I ron  - 
The iron  impact  specimens were received  with a machine-ground 

sur face  so that metallographic  grinding was not  necessary.  Step 1 , 
four  hours on  nylon c lo th  w i t h  45-micron  diamond pas t e ;   S t ep  2,  t h r e e  

hours on  nylon  cloth  with  &micron dfamond pas t e ;   S t ep  3, four  hours 

on polytech Pre-PS paper w i t h  0.1-micron  diamond pas te .  

Tantalum 

The tantalum specimens were received  with a machine-ground sur face  

so that   metal lographic   gr inding w a s  not  necessary.   Step 1, four  hours 

on nylon cloth  with 45-micron dikmond pas t e ;   S t ep  2,  twenty  minutes on 

polytech Supreme c lo th   wi th  0.05-micron alumina i n  30 percent  hydrogen 

peroxide. 

Nickel 

S tep  1, fif teen minutes on each  240-gri t   s i l icon  carbide  paper   unt i l  

flat using  kerosene and pa ra f f in   l ub r i can t ;   S t ep  2, f i f teen   minutes  on 

each  of two 320-grit   si l icon  carbide  papers  using  kerosene and pa ra f f in  

lubr icant ;   S tep  3, repeat   Step 2 but   with  400-gri t   s i l icon  carbide 

paper;   Step 4,  repeat   Step 2 but with  600-gri t   s i l icon  carbide  paper;  

Step 5, two hours  on  nylon  cloth  with 45-micron  diamond pas te ;   S tep  6,  
two hours on nylon  c loth  with 6-micron  diamond pas te ;   S tep  7, four  

hours  on  polytech Pre-PS paper  with 0.1-micron  diamond pas te .  

Solutioned Udimet 700 

Step 1, g r i n d   u n t i l  f l a t  on 50-gri t   s i l icon  carbide  paper   using 

vater lubr icant ;   S tep  2, repeat Step '1 but   with  180-gri t   s i l icon 

carbide  paper  and  grind until all 50-gri t   scratches are removed; 
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Step 3,  f i f t e e n  minutes on each of two 240-gri t   s i l icon  carbide  papers  

using  kerosene  and  paraff in   lubricant  ; Step  4 , two hours on nylon  c loth 

with kg-micron  diamond pas te ;   S tep  5, two hours on nylon  cloth  with 

6 - ~ c r o r  Siamond pas te ;   S tep  6,  two  hours on polyfech Pre-PS paper  with 

3.1-nicron diamond paste .  

Aged 'Jdimet 700 

Metallographic  grinding w a s  not  necessary  because a low-stress 

grinding  technique had  been  employed t o  remove t h e   l a t h e  marks. Step  1, 

four  hours on nylon c lo th   wi th  45-micron  diamond pas te ;   S tep   2 ,  two 

hours on nylon  cloth  with 6-micron  diamond pas te ;   S tep  3,  two  hours on 

polytech Pre-PS paper  with 0.1-micron  diamond pas te .  

3 . 3  3etermination of I n f i n i t e  Medium Sound  .Speed 

Spec inens   for   the   de te rmina t ion   of   in f in i te  medium sound  speed were 

fabricated  (see  Section  3.2)  of Armco i ron ,   z inc  , nickel ,   tantalum, 

Udimet 700 solut ioned,  Udimet 700 aged,  and 52100 steel. The  52100 

s t e e l  was the same as t h a t  of which t h e   s p h e r e s   u s e d   i n   t h e   f i r i n g s  

were made; it was,. furthermore,  hardened t o   t h e  same degree as t h e  

steel  spheres.  

These  specimens were i n  most cases   1 - inch   r igh t   c i rcu lar   cy l inders  

with  polished  ends. The specimens were s e n t   t o  Mr. H.A.F. Rocha, 

Manager of   the  Nondestruct ive  Test ing  Unit ,  General Elec t r ic   Mater ia l s  

and Processes  Laboratory,  Schenectady, New York . (10) 

A determination  of  sound  speed  consists of t h e  measurement  of t h e  

transit time of an ul t rasonic   pu lse   th rough a specimen  which is  maintained 

at  roo3  temperature  (72 2 2'F). The  measurement i s  made with  use  of  a 

( lO)The sound  speed  determinations were ca r r i ed   ou t  by Mr. M.E. Auger. 
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pulse  generator and a nanosecond time i n t e r v a l  meter with  associated 

e l ec t ron ic  equipment. The speed of sound is  found  by  dividing  the 

axial d is tance  (u) through  the   r igh t   c i rcu lar   cy l inder   used  as 

specimen by t n e  measured t r a n s i t  time of the   u l t r a son ic   pu l se .  The 

nezsured   ax ia l   d i s tance ,   t rans i t  time f o r   t h e   u l t r a s o n i c   p u l s e ,  and 

speed of sound i n   i n f i n i t e  medium f o r  each  metal i s  en tered   in  

T a k l e  3.1. 

IC detail,  the  procedure  for  measuring the t r a n s i t   t i m e  i s  as 
fclio*.x. A 0.5-inch-diameter  Branson Type ZR sea rch   un i t   o f  5 MHz 

resonan', frequency i s  connected t o  a high-speed SCR p u l s e r   ( t h y r i s t o r ) .  

A 2- inch-d iae te r  Branson Type ZR s ea rch   un i t ,  also of 5 MHz resonant 

fregcency, is connected t o  a high-gain  logari thmic  amplif ier .  The 

t - ~ o  search   un i t s   a re   coupled   to   the   oppos i te  end sur faces  of a 

cyl incir ical  specimen  through t h i n  o i l  films; they are f i rmly clamped 

t o   t h e   t e s t  specimen. 

The output of t h e  SCR pu l se r  i s  connected t o   t h e  start channel  of 

a nanosecond t ime  interval   meter   (Eldorado Model 793) and the   ou tput  

of the  logari thmic aq l i f ie r  is connected t o  one of   the   inputs   o f   an  

AX3 or time discr iminator   gate .  The other   input  of the AND ga te  i s  

connected t o  the  var iable-delay  gat ing  pulse   of  a pulse   generator  

(III !?oodel D G 2 )  which is su i t ab ly   synchron ized   t o   t he  SCR pulser .  The 

iieiay of t h e  ga t ing   pu lse  is set t o  allow the  AND g a t e   t o   p a s s  the 

so*;?S pu l se   t rmsmi t t ed  by the  0.5-inch-diameter  Branson Type ZR 

seerc:? un i t  a d  received by the  1-inch-diameter  Branson Type ZR search 

un i t .  

' l l )The  axial   d is tance  through  each specimen w a s  measured  by 
Kr. L.B. Zngel  of S,P.P.S. Physical   Metal lurgy  Unit ,   General   Electr ic  
Conpany , Evendale,  Ohio. 
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The output of t h e  AND ga te  is connected t o   t h e   s t o p   c h a n n e l  of t h e  

nanosecond  time i n t e r v a l  meter. The measured  time  interval i s  recorded 

OR a digital   recorder  (Hewlett-Packard Model 5 6 2 ~ )  and t h e  l as t  t h r e e  
1; - A , r t s  :: are  converted  into  analog  voltage by a d ig i ta l   ana log   conver te r  

!Ee?iett-?ackard Model 562A-65L). The analog  voltage is re.corded on a 

Sirpson Model 604 Multicorder. 

The delay of the   ga t ing   pu lse  of the   pu lse   genera tor  (I11 Model 

PG-2) i s  then  adjusted  to  pass  only  the  second  (echo)  pulse  received 

by the  1-inch-diameter  Branson Type ZR s e a r c h   u n i t   ( t h r e e   t r a n s i t s )  

and the  measured  t ime  interval  required is  recorded. The delay of t h e  

ga t ing   pu lse  of the   pu lse   genera tor  i s  then  adjusted  to   pass   only  the 

t h i r d  pulse  received by the  1-inch-diameter  Branson Type ZR search 

u n l t   ( f i v e   t r a n s i t s )  and t h e  measured  time in t e rva l   r equ i r ed  i s  re- 

cord&. From t h e  time i n t e r v a l  measurements made, t h e   t r a n s i t  time of 

the  ul t rasonic   pulse   through  the specimen is  ca lcu la ted .  Use of   the  

t r a n s i t  t imes  for  the  second and th i rd   pu l se s  improves the  accuracy 

of t h e  sound  speed  measurement. 

Table  3.1 

Measured  Speed of Sound i n   t h e  Metals Used f o r   t h e   F i r i n g s  

Specimen  Sound Pulse 
Length,  Trans it Time , Sound Speed, 

Metal cm nanos ec . cm/sec 

hardened 52100 s t e e l  5.0800 8615 10 5.896 x l o 5  
h . c o  i ron 2.5408 4325 f 10 5.874 x l o 5  
pure  zinc 3.1686 7300 f 10 4.340 x l o 5  
s i c k e l  270 2.5408 4495 5 10 5.652 x l o5  
erc   cast   tantalum 2.5387 6220 5 10 4.081 x l o 5  
UdiEet 700 aged 2 * 5397 4160 f 10 6.105 x l o 5  
Udircet 700 solut ioned 2.5408 4165 2 10 6.100 x l o 5  

.. - ~~ ~ 

~ _ _ _ _  

37 



. . " - . ._  ._ _. .. " . ." " 

3.4 ?ensile ProDerties of t h e  Metals 

The t e n s t l e  specimens (see Section 3.2) of Armco i r o n ,   n i c k e l ,  

t2r.tzl~13, z inc ,  T:dir,et TOO so lu t ioned ,  and Udimet 700 aged were s e n t   t o  

I!!. U.?.  Frey a t  the   Genera l   E lec t r ic  Company, Lynn, Mass., t o  be 

tes ted on a Tin ius   Olsen   tens i le   t es t ing  machine t h a t   a d j u s t s  

au toxa t ica l ly   to   rna in ta in  a cons t an t   s t r a in  rate.  This machine has a 

L21? , X C  i5 caFacity  but it can be ad jus ted   for   use  w i t h  small loads.  

The specinens as sen t  had  smooth ends.  Because  threaded  ends are 

requi re2   for   the   t es t iny   machine ,   th reads  were ground on the  ends  of   the 

specinens E t  t he   t e s t ing   l abo ra to ry .  

The tests were  conducted (I2) at  a speed of 0.005 inch  per   inch 

Fer n?ir.ute t o   t h e   0 . 2   p e r c e n t   o f f s e t   y i e l d   s t r e n g t h .  After t h i s   p o i n t  

i n  t h e  t es t  was reached,  the  crosshead  speed was i n c r e a s e d   t o  0 .1  

inck  per  ninute.  

The data obtained were: 0.02 p e r c e n t   o f f s e t   y i e l d   s t r e n g t h ,  

3.2 - x r c e r t   o f f s e t   y i e l d   s t r e n g t h ,  ultimate t e n s i l e   s t r e n g t h ,   p e r c e n t  

elDngation, and percent   reduct ion   in  area. These   da ta   for   each   of   the  

L-C,  s7ecicens of each of t h e   s i x  metals are l i s t e d   i n  Table 3.2. The 

t abda ted   va lues  were obta ined   us ing   the   o r ig ina l   c ross -sec t iona l  areas 

cf t ke   t e s t   spec inens .  

-. _ _  

Copies   of   the   autographic   recording  of   the.s t ress-s t ra in   curves  

grcduced by t h e   t e n s i l e   t e s t s  were suppl ied by t h e   t e s t i n g   l a b o r a t o r y .  

(12)The tests were car r ied   ou t  by Mr. J.J. Mull igan  under   the  direct ion 
o f  Yr. G.R. Frey. 
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Table 3.2 

Tens i le  Data for  t h e  Metals Used i n   t h e   F i r i n g s  - 
Ultimate 

i n  Area, Elongation, Strength,  Strength,  Strength,  
Reduct  ior: Offset Yield Offset  Yield Tensi le  

0.2 percent 0.02 percent 

Cet al percent  percent. p s i   p s i  p s i  

: ron 

72.80 52 22,180 21,920 43,100 .roz 

73.55 52 20,640  22,220 43,410 

I ve  r age 73.18 52 21,410  22,070 43,255 

'Lickel 

86.4 70 9,150  7,259 51,360 tverage 

82.7 70 7,350  5,208 51,200 Ylckel 

90.0 70 10,950 9,310 51,520 

?antalum 

84.8 69 22 , 720 24 , 230 34,775 4verage 

84.4 70 22,510 21 , 380 34 , 230 ?antalum 

85.1 68 22,930 27,080 35,320 

5inc  

7.1 9 6,578 4,345 15,460 4verage 

7.5 10 6,400  4,205 16,110 Cinc 

6.7 8 6,755 4,485 14 , 810 

L"7S3 sol' d. 25.39 27.0 124,250  115,000 195,000 
U-700 sol'd. 

23.40 25.5 123 ,47 5 108,250 194,550 j.verage 

21.40 24.0 122,700 101 , 500 19h,lOO 

~ - 7 ~ 3  eged 

18.51 19.0 130,050 116,425 200,850 Average 

20.10 19.0 130,700  116,650 201,100 U-700 aged 

16.92 19.0 129,400  116,200 200,600 
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3.5 Stee l  Spneres   for  Use i n  t h e  - Fir ings  

Or ig ina l   p l ans   fo r   t he   co l l ec t ion   o f   add i t iona l  data t o  tes t  t h e  

craterinq  equations (see Section 1.6) c a l l e d   f o r  t e s t  f i r i n g s   w i t h  two 

s i z e s  of s t ee l   sphe res .  The type and s izes   o f   sphere   se lec ted   were  

- z y c  -u- -?e SSPL balls i n   t h e  nominal  sizes  3/32-inch  and  5/32-inch  diameter. 

301 balls of   t h i s   g rade ,   t he   va r i a t ion   i n   sphe r i c i ty   i n  a j a r  l o t  does 

cot  exceed 0.000005 inch  and  the  var ia t ion  in   diameter   does  not   exceed 

G.30!3010 inch. 

S a l k  of t h i s   g rade   i n   t hese   nomina l   s i ze s  w e r e  purchased  from 

Atlas 9al l  Division  of SKF at Cincinnat i ,  0. The ac tua l   average  

dinmeters o f   t he  balls were  0.093745 inch  and  0.156215  inch. 

The AISI 52100 chrome a l l o y  s teel  of which t h e  balls were made 

the  following  percentage  composition:  carbon,  0.95 - 1.10; 

zulgsmese,  0.25 - 0.45; s i l i c o n ,  0.20 - 0.35; chromium, 1.30 - 1.60; 

T k s ? t o r u s ,  0.925; su l fur ,   0 .025;   n icke l ,  0.35; copper,  0.25; 

zolybdenun;,  0.08. 

These balls are hardened by a spec ia l   hea t   t r ea tmen t   t o  

Iiockwell C 63-65. The s t r u c t u r e  of t h e   s t e e l   a f t e r   h e a t   t r e a t m e n t  is  

a f ine   mar tens i te   wi th  no t r o o s i t e   o r  fe r r i te .  

-e t o  a change i n   t h e  gun t o   b e   u s e d   f o r   t h e   f i r i n g s ,  it was not  

possible  to  use  the  nominal  5/32-inch-diameter ba l l s .  It was 

necessary  to   subst i tute   0 .175-inch-diameter   bal ls   that  w e r e  obtained 

from Indus t r ia l   Tec tonics ,   Inc .  , at Ann Arbor, Mich. These balls were 

a l so   f ab r i ca t ed  from  AISI 52100 chrome alloy s tee l .  
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A.  TEST  FIRINGS ".__""I AND MEASUREMENT O F  CRATER DIMENSIONS 

A sub-contract was i s s u e d   t o  a r e p u t a b l e   r e s e a r c h   i n s t i t u t e   t o  

design  ana  construct a gun and t o  make a t o t a l  of 208 tes t  f i r i n g s  

-.mcer control led  condi t ions  against  specimen p la tes   o f   i ron ,   t an ta lum,  

n icke l ,   z inc ,  and Udimet 700 a l loy .  It w a s  s p e c i f i e d   t h a t   t h e  gun 

must  be equipped  with a velocity-measuring  system  capable  of  deter- 

mining the   ve loc i ty   o f   each   sho t   t o   be t t e r   t han  one pe r   cen t   a f t e r   t he  

inaccuracies  of a l l  parts  of  the  velocity-measuring  system  had  been 

assessea.  

Gf the  208 data shots  purchased, 128 were t o  be made at elevated 

cezseratures.  Consequently, it w a s  a l s o   s p e c i f i e d   t h a t   t h e  gun cham- 

ber rcust be  capable  of  being  evacuated t o  a pressure of 1 x t o r r  

a d  t h a t  t he  gun must  be  equipped  with a heater  capable of r a i s i n g   t h e  

temperature of the   meta l  specimen p l a t e s  by var ious amounts  up t o  a 

m a x i m u m  temperature  of 815OC (15000F) i n  a uniform manner  and with a 

to ta l   var ia t ion   over   the   face   o f   the   p la te   o f   l ess   than  8OC (15OF) 
a f t e r   t h e   p l a t e   h a s  been mounted i n  t h e  gun and a f t e r   t h e  vacuum 

environment  has  been  established. 

After  an e f f o r t  of  approximately  eight  months,  the gun tha t   haa  

been aesigned arAd constructed by the  sub-contractor  proved  to  be 

isacequate to make t h e   t e s t   f i r i n g s  because  the  sphere  t ra jector ies  

coulci not be c o n t r o l l e d   s u f f i c i e n t l y   t o   i n s u r e  impact of the  sphere 

wainst  the  1- inch-diameter   c i rcular  specimen p l a t e .  The sub- 

contractor  submitted a proposed  research program descr ib ing   th ree  

possible   modif icat ions of t h e  gun as it then  exis ted.  Because t h e  

cos t  of each  of  the  proposed  alternate  modifications  plus  the  required 

f i r ings   approached   the   o r ig ina l   cos t   o f   des ign  and construct ion of t he  

gun p lus   t he   r equ i r ed   f i r i ngs ,  it w a s  considered  advisable   to   reduce 

the  scope  of  the  experimental work as o r ig ina l ly   p roposed   t o   f i r i ngs  

a t  room temperature  only. The consent  of  the  contracting agency f o r  

t h i s  change i n   t h e   o r i g i n a l  scope  of  the work was obtained. 

The required number of  room-temperature tes t  f i r i n g s  was pur- 

chases from Mater ia ls  Development Laboratory  of  the  General   Electric 

Capany a t  Bvendale, 0. The purchase  order  required  that   the  accuracy 
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of the   ve loc i ty  measurements  be 2 0.1 per   cent  on comparative  veloc- 

i t y  and 2 1.0 per   cent  on absolu te   ve loc i ty .  The test  f i r i n g s  were 

made under t h e   d i r e c t i o n  of Mr. M. A .  Miller, supervisor  of materials 

t e s t i n g .  

4 . 1  Guns and  Velocity-Measuring  System 

Test f i r i ngs   w i th  0.175-inch-diameter s t e e l   s p h e r e s  were made with 

use of a Benjamin Model 317 air r i f l e  having a 0.177-calibre r i f led 

b a r r e l .  The pressure chamber o f   t h i s  gun had  been  modified t o   a l l o w  

fo r  S i r ec t   connec t ion   t o  a compressed  gas  supply.   Projecti le  velocity 

vas cont ro l led  by changing  the  inlet   gas   pressure.  A view  of t h e  

rr;ountec r i f l e  i s  shown in   F igu re  4.1.  

A brass  smooth-bore i n s e r t   b a r r e l  w a s  f a b r i c a t e d   f o r   f i r i n g  

0.0938-inch-diameter  spheres.  This  barrel  had a 0.175-inch  outside 

diameter and could   be   inser ted   in to   the   r i f led   bar re l   o f   the  Benjamin 

Model 317 air gun. The i n s e r t   b a r r e l  w a s  made from tubing   tha t  had  an 

in i t i a l   i n s ide   d i ame te r   o f  0.089-inch.  This  tubing was d r i l l e d ,  

reamed,  and honed with a 600-grit emery paper t o  a f i n a l   i n s i d e   d i a -  

meter  of 0.095-0.096 inch. 

The velocity-measuring  system  consisted  of two photocel ls   loca-  

t e &  at  poin ts  one foo t   apa r t .  A Model 464T chronograph  (Electronic 

Counters,   Inc.)  was connected i n   t h e   p h o t o c e l l   c i r c u i t .  Two lumil ine 

lamps d i r e c t e d   l i g h t  beams aga ins t   t he   pho toce l l s ;   t hese   l i gh t  beams 

were focused   in to   l igh t   sc reens   tha t  were about 1/16 inch  thick.  

'when a s t ee l   sphe re ,  emerging  from the  end of   the gun b a r r e l ,   c u t  

th rough  the   f i r s t   l igh t   sc reen ,   the   chronograph  was s t a r t e d ;  when it 

cut  through  the  second  light  screen,  the  chronograph was stopped. 

4.2 Measurements  of Crater Dimensions 

A Federal  Products Company Model ~61s metr ic   ind ica tor  and 

Mocel 35B-30 comparator were purchased  for   use  in  making  measurements 

of crater   depth.  The ind ica to r  i s  graduated  in  0.01 mm. A c a l i -  

o ra t ion   cha r t  showing cal ibrat ion  of   the  indicator   for   every 0.1 mm 

over  the  range  of  interest   for  the  crater-depth measurements w a s  

obtained from the  Federal   Products Company. 
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io kiprove measurement accuracy, a mount t o   h o l d   t h e  impact f ace  

of t h e   t a r g e t  specimen perpendicular   to   the  direct ion  of   motion  of   the 

measuring  prbbe was designed. The device w a s  machined i n  one of the  

shops  of the   Genera l   E lec t r ic  Company, Evendale,  Ohio. To improve t h e  

accuracy  with which craters   produced by t h e  small s i ze   ba l l s   cou ld   be  

measured, a spec ia l   contac t   po in t  w a s  obtained from the  Federal   Pro- 

ducts Company on spec ia l   o rder .  

Two procedures were used   in  making depth  measurements. I n  one 

proceau-e ,   the   d ia l   ind ica tor  was read   d i r ec t ly  and the   reading  was 

cor rec ted   wi th   re fe rence   to   the   ca l ibra t ion   char t .  With r e g a r d   t o   t h i s  

procedure, it was found by tr ial  t h a t  a devia t ion  as l a rge  as 0.004 mm 

could  occur i n  f ive   readings  made on t h e  same point  when care  w a s  

taken  to   lower t h e  measuring  probe to   t he   su r f ace   ve ry   gen t ly .  

In the   o ther   p rocedure ,   the   d ia l   ind ica tor  was merely  used t o  

hold. t he  measuring  probe ve r t i ca l .   I n   t h i s   p rocedure   t he   he igh t  of 

the  top of the  probe  above a l eve l   su r f ace  w a s  found by br inging  the 

ind ica to r  hand of  an electronic  height  gauge  (Federal-Electro-Check) 

to   tne   zero   pos i t ion .   This   he ight  w a s  then  read  to   an  accuracy of 

+ 0.000010 inch on a S t a r r e t t   h e i g h t  gauge. (1 3) - 
In  each  procedure,  readings were made at poin ts  on the   sur face  

of t he  specimen t h a t  were undisturbed as a r e su l t   o f   t he   c r a t e r ing  

process.  I n  the   f i r s t   p rocedure ,   four   such   readings  were made; i n   t h e  

second  procedure, two.  These height  readings were  averaged  and  the 

c ra te r   depth  was t a k e n   t o  be the   d i f f e rence  between the  average  of  the 

surface  readings and a reading  taken at the   l owes t   po in t   i n   t he   c r a t e r .  

I t  w a s  thought   tha t   the   ind ica tor   read ings   for  maximum depth 

night  be a f f ec t ed  by the  process  of moving the  measuring  probe t o  

loca te   the   po in t  of g r e a t e s t   d e p t h   i n  a c r a t e r .  To es tabl ish  whether  

o r   no t   t h i s  w a s  the   case ,  measurements  were made using two orders  of 

precedence: (1) the  surface  readings were followed by the  reading of 

‘3heasurements with use of t he   e l ec t ron ic   he igh t  gauge  and S t a r r e t t  
height gauge were made by Mr. James H. Gibbons  of t h e  Metrology 
Laboratory,   General   Electric Company, Evendale,  Ohio. 



z a - k z  depth,   ana  (2)   the  reading of maximum de t h  w a s  followed by 
- U- i p surface  readings.  A s t a t i s t i c a l  treatrnent(14'of t h e   v a r i a t i o n   i n  

the  ciepth va lues   tha t   resu l ted  from the  two orders  of  precedence 

y i e ldea   t he   r e su l t   t ha t   t he   o rde r  of  precedence was no t   s ign i f i can t .  

Becorded values   of   crater   depth are the  average  of two measurements. 

I n  most cases one  of t hese  measurements was made  by each of t he  two 

proceaures employed. 

The aiameters of some o f   t he   c r a t e r s  (see Table 4.1)  xere meas- 

-=ea w i t h  use of the  traveling  microscope  of a Brinel l   hardness  

z e s t k g   z a c h i n e .  The impact  face  of  the  target specimen w a s  held 

pe rTenc tcu la r   t o   t he   op t i ca l   ax i s  of the  instrument  while a c ra t e r -  

LiLTeter  neasurement w a s  i n   p rog res s  by means of a s p e c i a l  mount con- 

s t r cc t ed   fo r   t h i s   pu rpose .  Two measurements of c ra te r   d iameter  were 

zade a t  an angle of roughly 90 degrees   t o  one another   in   the  plane of 

the   c ra te r   m0uth .~5)  The average  of  these two readings was recorded as 

crater   diameter .  

4.3 Firs t -   Set  of Crater ing Data 

The i n i t i a l  set of tes t  f i r i n g s  w a s  made aga ins t   t a rge t   p l a t e s  of 

tne  four pure  metals   (nickel ,   z inc,   tantalum, and i ron)   using 0.175- 
inch   s tee l   spheres ,  and t h e  Benjamin Model 317 air gun w i t h   r i f l e d  

barrel. The specimen plate   used as t a r g e t  for each   f i r i ng  w a s  mounted 

i n  the  taped jaws of a v i se .  The c ra te r ing   da ta   for   the   four   pure  

n e t a l s   a r e  l i s tea  i n  Table 4 . 1 ,  the   c ra te r -depth   da ta   a re   p lo t ted   aga ins t  

veloci ty   in   r - igure 4.2. 

Inspect ion of Figure  4.2 shows that   the   crater-depth-versus-  

ve loc i ty   p lo ts   for   bo th   n icke l  and z inc   appea r   t o   be   s t r a igh t   l i nes ,  as 

was expected from the   ea r l i e r   s tudy  [TI. The p l o t s  are incons is ten t  

'%.his s t a t i s t i c a l   t r e a t m e n t  w a s  devised by D r .  Gerald J .  Hahn, stat- 

b58 

is t ic ian,   Information  Studies   Branch,   Information  Sciences  Laboratory,  
eneral   Electric  Research  Laboratory,   Schenectady, N.Y. 
he measurements  of c ra te r   d iameter  were made  by Mr. R .  C .  Volmer, 

Mater ia ls   Test ing  Unit ,   Mater ia ls  Development Laboratory,  General 
E l e c t r i c  Company, Evendale,  Ohio. 
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Table 4.1 

I n i t i a l  Set of Cra t e r ing  Data for  the Four  Pure Metals 

Average 
-~ . 

Average  Depth/Diameter 
Met a1 Veloc i ty ,  Crater Depth, Crater Diameter, Ratio 

cm/sec cm cm " 

i r o n  
i ror .  
x o n  
iron 
i r o n  
i r o n  
i r o n  
i r o n  

zinc 
z inc  
z inc  
z inc  
z inc  
z i c c  
z inc  
z inc  

n i c k e l  
n i c k e l  
n i c k e l  
n i c k e l  
n i cke l  
n i c k e l  
n i c k e l  

tantalum 
tantalum 
tantalum 
tantalum 
tantalum 
tantalum 
tantaluni 

G.3322 x l o 4  4 
0.6173 x l o 4  
0.9810 x lo4 
1.304 x lo4 
1.653 x l o 4  
1.958 x lo4 
2.283 x l o 4  
2.748 x 10 

4 0.3319 x l o 4  
0.6173 x lo4 
0.9854 x l o 4  
1.306 x l o 4  
1.657 x l o 4  
1.963 x l o 4  
2.275 x l o 4  
2.743 x 10 

0.6127 x l o 4  4 
0.9832 x l o 4  
1.303 x lo4 
1.657 x l o 4  
1.959 x l o 4  
2.264 x l o 4  
2.748 x 10 

4 0.3320 x l o 4  
0.6135 x l o 4  
0.9851 x l o 4  
1.312 x lo4 
1.654 x l o 4  
1.960 x l o 4  
2.276 x 10 

0.0098 
0.0186 
0.0300 
0.0399 
0.0516 
0.0623 
0.0745 
0.0933 

0.0170 
0.0313 
0.0463 
0.0621 
0.0784 
0.0934 
0.1078 
0.1340 

0.0348 
0.0537 

0.0842 
0.0672 

0.0986 
0.1125 
0.136 

0.0094 
0.0184 
0.0290 

0.0492 

0.0709 

0.0386 

0.0607 

0.1481 

0.2483 

0.3220 

0.1898 

0.2826 

0.3516 
0.3820 
0.4153 

0.1602 
0.2111 
0.2554 
0.2953 
0.3264 
0.3524 
0.3721 
0.4114 

0.2206 
0.2698 

0.3383 

0.3862 

0.3042 

0.3570 

0.4107 

0.1446 
0.1936 
0.2462 
0.2986 
0.3509 
0.3958 
0.4286 

0.0662 
0.0980 
0.1208 
0.1412 
0.1602 
0.1772 
0.1950 
0.2247 

0.1061 

0.1813 
0.1483 

0.2103 
0.2402. 
0.2650 
0.2897 

0.1578 
0.1990 
0.2209 
0.2489 

0.2913 
0.3311 

0.3257 

0.2762 

0.0650 

0.1178 
0.0950 

0.1293 
0.1402 
0 3 3 4  
0.1654 
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v i t h  those obta ined   in   the  earlier study [7] i n   t h a t  i f  best-fit l i n e s  

=e drawn f o r   t h e   d a t a   p o i n t s   t h e s e   l i n e s  have pos i t i ve   i n t e rcep t s  on 

the  crater-depth axis ra the r   t han   pos i t i ve   i n t e rcep t s  on the   ve loc i ty  

ax i s .  

The f e a t u r e  of an  intercept  on the  crater-depth axis i s  unreason- 

a b l e   i n   t h a t  it p red ic t s  a crater  of  measurable  depth formed at zero 

v e l o c i t y .   I f   t h i s   f e a t u r e  is  real, it can  only mean tha t   t he   c r a -  

t e r i n g  mechanism changes a t  very low ve loc i t i e s   i n   such  a way t h a t   t h e  

crater-depth-versus-veloci ty   plot  is  e i t h e r  a curve   o r   cons is t s  of two 

s t r a igh t   l i nes   hav ing   d i f f e ren t   s lopes .  Because th i s   behav io r  i s  d i f -  

f e r en t  from  what w a s  observed   in   the   pas t  [6,  71, it was considered 

advisable   to   perform some diagnost ic  tests. 

4.4 Diagnostic Tests 

I f   t h e   f e a t u r e  of an in t e rcep t  on the   c ra te r -depth   ax is  i s  a n  

a r t i f a c t ,  it could  have resulted from a number of possible   causes:  

t h e   e f f e c t  of r e f l e c t e d   s t r e s s  waves  from the  curved walls of t he  

Cy l ind r i ca l   t a rge t   p l a t e s  which d i f f e r e d   i n   b o t h   s i z e  and  shape from 

those  used earlier [71 , t h e  way i n  which t h e   t a r g e t   p l a t e s  were gripped 

during the   f i r ings ,   the   th ickness   o f   the   t a rge t   p la tes ,   sp inning  of t he  

0.175-inch-diameter  spheres  which  were f i red   wi th   the   r i f led-bore   gun ,  

and,  poss ib lg  a malfunction  of some kind  in  the  velocity-measuring 

system. 

Ref lec ted   S t ress  Waves 

That s t r e s s  waves are r e f l e c t e d  inward  from the  curved  surface of 

t ransparent   cyl indrical   p la tes   of   white   sapphire   that  were s t ruck  by 

mercury  drops was observed   in   the   pas t  [4]. What e f f e c t  , i f   any ,   such  

waves may have when they  reach a c r a t e r  formed near   the  center  of a 

Keta l   p la te  is not known. In   ob ta in ing   c ra te r ing   da ta   for  steel- 

sphere  impacts   ear l ier  [TI, the  plates  of  the  metals  being  used as 

t a r g e t s  were 6-inch  squares  that  were  1-inch th ick .   In   p lanning   the  

present  experimental work, t h e   t a r g e t s  were  reduced to   1- inch-diameter ,  

112-inch-thick  c i rcular   cyl inders  make it more convenient t o   p l a c e  

them i n  a closed vacuum system  and  heat them uniformly t o  high  temper- 

atures as w e l l  as t o  minimize sca t te r   in   the   c ra te r -depth-versus-  
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ve ioc i ty   p lo t s  by improving the  accuracy  with which the   c r a t e r   dep ths  

coul6 be measurea. The r educ t ion   i n  s i z e  a l s o  made it p o s s i b l e   t o  

g ive   the   sur face  of t h e   t a r g e t   p l a t e s  a uniform  metallographic  polish.  

To make a test of t h e   p o s s i b i l i t y   t h a t   t h e   c r a t e r   d e p t h s  may have 

been a f f ec t ed  by r e f l e c t e d  stress waves,,a l - inch  diameter   hole   that  

w a s  oversize  by seve ra l  mils was c u t   I n  a 6-inch-square  l-inch-thick 

p l a t e  of t o o l   s t e e l .   A f t e r  a depth  of  0.523 2 0.002 inch w a s  reached, 

t h e  diameter  of  the  hole w a s  reduced t o  0.875 inch and t h e   c u t  w a s  

cont inued   th rough  the   too l   s tee i   p la te .  A l-inch-diameter  1/2-inch- 

t h i c k   c y l i n d r i c a l  specimen p l a t e ,  when s l ipped   i n to   t he   ho le ,   r e s t ed  

on the  shoulder   that  formed  wnere the  diameter   of   the   hole  w a s  re- 

duced. The specimen plate   could  not  move i n   t h e  impact d i r ec t ion  

because  of the  shoulder on which it r e s t e d   y e t   t h e  rear face of t h e  

specimen p l a t e  remained a f ree   sur face .  

The t o o l   s t e e l   p l a t e  w a s  heated  in   hot   water  and a nickel  spec- 

ken ,   a f te r   be ing   d ipped   in   mol ten   (approximate ly  195OF) Wood's metal, 

v a s   s l i p p e d   i n t o   t h e   h o l e   i n   t h e   h o t   p l a t e  and f i rmly  seated  against  

t 'ce  shoulder  in  the  hole. The p l a t e  w a s  then   cooled   to  room tempera- 

ture   ana a 0.175-inch-diameter s t ee l   sphe re  w a s  f i r e d   a g a i n s t   t h e  

nickel  specimen. The n i cke l  specimen was removed  from t h e   t o o l  steel  

p l a t e  by hea t ing   t he   p l a t e   aga in   i n   ho t   wa te r  and t h e  same procedure 

was carr ied  out   using a second nickel  specimen. The s t ee l   sphe res  

t h a t  were f i r e d  a t  the   n i cke l  specimens  impinged a t  d i f fe ren t   ve loc-  

i t i e s .  The depths  of  the  craters  produced  in  the  nickel  specimens were 

measured. The measured  depths axe l i s t ed   i n   Tab le   4 .2 ;   t hey  are p lo t -  

t ed   in   F igure   4 .3   aga ins t   the   ve loc i t ies  a t  which the  spheres  impinged. 

It can  be  seen  from  Figure  4.3  that  these two poin ts  l i e  on t h e  

s t r a i g h t   l i n e  which provides a b e s t   f i t   t o   t h e   o r i g i n a l   d a t a   p o i n t s  

for nicke l .  

The acous t ic  impedances  of n icke l ,  Wood's metal ,  and s teel  are 

5.169 x lo6,  2.355 x 106,  and 4.547 x lo6 g/cm2.sec,  respectively. 

The layer   o f  Wood's metal w a s  extremely  thin.  Presuming t h a t   t h e  

acoustic-impedance  mismatch  between  nickel  and Wood's metal and t h a t  

between Wood's metal and steel can be neglected,  it appears t o  make 
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Table 4.2 

Cratering Data for   Diagnos t ic   F i r ings  

~ ". . . . ." . . " "" _" 
Average  Average 

Metal Crater Diameter, Crater Depth, Velocity 
cm/sec cm  cm 

~~ ." . . . . . . . 

A.  Spe'cimen so lde red   i n   t oo l  steel block 

c i cbe i  0.9373 x lo4 4 
nicke l  1.836 x 10 

3. Square  specimen  of 

n icke l  1.517 x 10 4 

C. Square  specimen of 

nicke l  1.524 x 10 4 

3 .  Specimen bearing ai 

n icke l  0.2975 x lo4 4 

nicke l  0.7498 x lo4 
nicke l  1.162 x 10 

5. Specimen bearing 4 

nickel  1.519 x 10 4 

0.0510 
0.0928 

" 

" 

s i ze  0.794 by 0.794 inch 

0.0781 0.3236 

s i ze  0.663 by 0.674 inch 

0.0782 0.3231 

a i n s t   r i g i d l y  gripped  pipe 

0.0186 

0.0609 

" 

" 

0.0416 " 

s ins t   r i g id ly   g r ipped   p ipe ;  shims : 

Depth/Diameter 
Rat i o  
" 

. " - 

" 

" 

0.2413 

0.2420 

r side  support  

0.0776 0.2394 0.3241 
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F. Specimen standing 

0.3423 x lo4 nickel  

t h i c k )  (approximately 0.16 inch G .  Specimen of reduced  thickness 

0.2408 0.3256 1.529 x lo4 1 0.0784 r i c k e l  

on i ts  curved  corkour  with no support a t  all 

4 
nickel  0.6523 x 10 0.0376 " 

0.0217 " 

3 - 

I 

n. Stee l   spheres  f i r ed  from a smooth-bore  gun t o  minimizc 

Lickeda) 1.108 x lo4 4 
nickel  1.121 x 10 
nicke l  1.548 x lo4 
nickel  1.804 x 10 4 

0.0582 
0.0580 
0.0776 
0.0902 

I .  F i r ings  made a t  very low v e l o c i t i e i  

nickel  

0.0094 0.1410 x 10 nickel  
0.0084 0.1274 x 10; nickel  
0.0064  0.08297 x lo4 0.1016 

0.1163 
0.1209 

" 

" 

sp in  

" 

" 

" 

" 

0.06299 
0.07223 
0 - 07775 

(a)This  specimen w a s  of increased  thickness  (approximately 1 inch   th ick)  
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6-inch-square  l-inch-thick.  plate. 

The p o s s i b i l i t y   t h a t   r e f l e c t e d  stress waves may a f f e c t   t h e   d e p t h  

of i a p a c t   c r a t e r s  was tes ted   fur ther   wi th   the   use   o f  two square  nickel  

s p e c k e n s  of c i f f e r e n t  s i ze s .  The square  specimens were cut   out  of 

cyl inar ical   specixens  and,   consequent ly ,   had  the same thickness .  The 

l a r g e r  sqGare was 0.794 by 0.794 inch 2 0.005 inch ,   t he  smaller square 

;as 6.663 by 0.671; inch 2 0.005 inch. The corners   of   the   larger  

square were  rounded i n   o r d e r   t o  have a square  specimen  that w a s  as 

i u g e  as possible .  

T h e s e  s2eciicens were mounted i n   t h e   t a p e d  jaws of a v i s e  and a 

0.175-inch-diameter s teel  sphere was f i red   aga ins t   each .  The depths 

of t h e   c r a t e r s   t h a t  were  produced were measured. The measured c r a t e r  

aerccs   a re  i is tea  i n  Table 4.2.  They are p l o t t e d   i n   F i g u r e  4.3 
k-&ir.st t h e   v e l o c i t i e s  a t  which the  spheres  impinged. It can  be  seen 

frorr F i g u e  4 . 3  t h a t   t h e s e  two po in t s  l i e  on t h e   s t r a i g h t   l i n e  which 

2roviaea a bes t  f i t  t o   t h e   o r i g i n a l   d a t a   p o i n t s   f o r   n i c k e l .  The 

conclusion drawn i s  t h a t ,  as far as c ra t e r   dep th  i s  concerned,  for imr 

. .  

t makes no d i f fe rence  -~ 

whetner  the  specimen i s  a l--inck  d-i-eeLez--circular - ~~~~- cyl inder  ~ La square 

t h a t  i s  0.794 - + 0.005 inch on a s i d e , - o y a   s q u a r e  ~~ t h a t  ~~ i s  . .~ 0 . 6 6 3 2  ~ ~ 

0.674 inch 2 (3.005 inch. 

Specizen  Younting 

A s  noted  above,   for   the  or iginal   data   shots   the  specimen  plates  

haa  been  held i n  pos i t ion  by the   t aped  jaws of a v ise .   This  mounting 
~ -as " r.ct abso lu te ly   r i g id .  It  seemed poss ib le   tha t   each  specimen  could 

Save zovec  as 2. u n i t   i n   t h e   i m p a c t   d i r e c t i o n   t o  some small ex ten t  when 

;he L q z c t   a g a i n s t  it occurred  and  that   th is  may have   a f fec ted   the  

CeptLs of  the  craters  produced. 

TO t e s t   t h i s   p o s s i b i l i t y ,  a shor t   sec t ion   of   l - inch  OD pipe was 

r i g i a l y   g r i p p e a   i n   t h e   b a r e  jaws of   the  vise   behind  the  l - inch-  

a iaceter   cyl indrical   specimen.  The pipe  provided a r i g i d   r e s t r a i n i n g  



Y 

-"" - -&e f o r  the   spec iaen;   th i s   p revented   the   spec imen from moving i n   t h e  

k ~ ; a c t   d i r e c t i o n   w h i l e  it simultaneously  maintained  the rear face  of  

t h e   s p e c h e n  as a free surface.  

F i r ings  at d i f fe ren t   ve loc i t ies   wi th   0 .175- inch  s teel  spheres were 

mace against   nickel  specimens mounted i n   t h i s  way. The depths  of  the 

c r a t e r s   t h a t   r e s u l t e d  were measured. The measured c ra te r   depths  are 

listed. i n  Table 4 .2 .  They axe p l o t t e d   a g a i n s t   t h e   v e l o c i t i e s  at which 

the  spheres  impinged in   F igu re  4 .3 .  It can be seen  from  Figure 4.3 
t n a t   t h e s e   p o i n t s   a l s o  l i e  on t h e   s t r a i g h t - l i n e   b e s t - f i t   c u r v e  t o  t h e  

o r i g i n a l   d a t a   p o i n t s   f o r   n i c k e l  and it can  be  concluded  that movement 

of J-ne- spe-c-imennglate- i n -  t h p  -impact- dire-ction ( i f  t h i s   o c c u r r e d   i n   t h e  

- ta2e-c- Laws- -0-f- the- v-i-s-ee). did no t   a f f ec t   t he   dep ths   o f   t he   c r a t e r s   t ha t  
ver.e.  -,rotxed i c  t h e   o r i g i n a l   f i r i n g s .  

Ir: view of t h e  result t h a t  was obtained, a 0.175-inch s tee l  sphere 

vas f i r e c   a g a i n s t  a n icke l  specimen t h a t  was mounted in   t he   fo l lowing  

way: t h e  specimen w a s  rested aga ins t  a section  of  1-inch OD p ipe ,  

which was r ig id ly   g r ipped   i n   t he   v i se   t o   p reven t  movement of  the  spec- 

inen   p la te   in   the   impact   d i rec t ion ,   bu t   the   spec imen  p la te  i t se l f  w a s  

on ly   loose ly   res t ra ined   wi th   sh ims   to   p revent  la teral  movement. A 

0.175-inch s teel  sphere w a s  a l s o   f i r e d   a g a i n s t  a n icke l  specimen p l a t e  

t h a t  was standing on i ts  curved edge without any r e s t r a in t   o r   suppor t  

a t  a l l .  The depths of t h e   c r a t e r s   t h a t  were produced by these   f ind ings  

were measured. The measured c ra te r   depths  are l i s t e d   i n   T a b l e  4 -2 .  

?ney a re   p lo t t ed   i n   F igu re  4.3 a g a i n s t   t h e   v e l o c i t i e s  a t  which t h e   s t e e l  

szheres  impingea. I t  can  be  seen  from  Figure 4 . 3  t h a t   t h e s e  two po in t s  

also l i e  on t he   s t r a igh t - l i ne   bes t - f i t   cu rve   t o   t he   o rFg ina l   da t a  

p o i c t s   f o r   n i c k e i .  

The c r a t e r i n g   r e s u l t s   t h a t  were obtained  using  various  types of 

gr ipping   ( inc lua ing  no gripping a t  a l l )  make it p o s s i b l e   t o  remove t h e  

qual i f icat ion  that   the   specimen  should  be  given  edge  support   only 

[ 6 ,  71. No . .  support   or  ~. r e s t r a i n t   i n  any d i r e c t i o n  i s  required.  However, 

" t h e  " reverse  . .  face of t h e  specimen  must be maintained as a free surface 

( t h a t  ~- i s ,  t h e  specimen  must not  be  backed  up  aRainst a heavy r i g i d  
~~. ~~~ ~. "" ~ -~ 

~ - - "  ~ -~ _ ~ _ _ ~ ~ .  . ~. . . 

p l a t e  1 Dl. 
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Ssecben Thickness 
The  selected  1/2-inch  thickness of the  specimen  plates  was  scaled 

tc the  sizes  of  steel  spheres  to  be  used  on  the  basis  of  previous  work 

[ 6 ,  71. To test  the  possibility  that  specimen  thickness  might  provide 
an  explanation  for  the  seemingly  anomolous  data  (intercept  on  the 

crater-depth  axis)  plotted  in  Figure 4.3, a nickel  specimen  was  cut 
through  its  thickness so that  two  nickel  specimens  having  thicknesses 

of  approximately  0.2  and 0.3 inch,  respectively,  were  obtained. The 
thinner  of  the two, which  was 0.157 - 0.170 inch  thick  measured  at  the 
edge,  was  mounted  in  the  taped  jaws  of  the  vise  with  edge  support  only; 
tine rear  face  was  maintained  as  a  free  surface.  Two  0.175-inch  steel 

spheres  were  fired  against  this  specimen  at  velocities  of  112.3  and 

214 ft/sec,  respectively.  The  depths  of  the  craters  that  formed  as  a 

result  of  these  impacts  were  measured.  The  measured  depths  of  the 
craters  axe  listed  in  Table  4.2;  they  are  plotted  against  the  veloc- 

ities  at  which  the  steel  spheres  impinged in  Figure 4.3. It  can  be 
seer!  from  Figure  4.3  that  the  specified  reduction  in  the  thickness  of 

the  specimen  plate  does  not  affect  the  depth of crater  produced.  The 

conclusion  that  can  be  drawn  from  this  test  is  that  a  plate  thickness 

of  roughly  one  sphere  diameter  is  still  acceptable  for  the  craterins 

mechanism  being  considered. 

Effect  of  Spin 
It  was  thought  that  spinning  of  the  steel  spheres,  which  could  be 

produced  by  the  rifling  in  the  barrel of the  Benjamin  Model  317  air 

gun, night  affect  crater  depth;  the  spin  of a spinning  steel  sphere 
nignt  provide  a  rotary  boring  action  that  could  result  in  a  deeper 

crater  at  any  arbitrary  impact  velocity  than would be  expected  on  the 

basis  of  the  impact  velocity  alone. 

To establish  whether  or  not  crater  depth  produced  by  spinning 
steel  spheres  differs  from  that  produced  by  non-spinning  steel  spheres, 
a snooth-bore  Crossman  Model 760 Powermaster  air  gun  was  purchased. 
The  pressure  chamber  of  this  rifle  was  modified to permit  changing  the 
projectile  velocity  by  controlling  the  inlet  gas  pressure.  Firings 

vith  0.175-inch  steel  spheres  were  made  against  four  specimens  of  each 

of  the  six  metals  for  which  cratering  data  were  to  be  collected.  One 



of t4e  f o ~  specimens w a s  of  double  thickness. The depths  of  the 

c r a t e r s  were  measured. For each  of  the  six metals, it w a s  found t h a t  

t&ece2th-s  of  craters  produced by t h e  smoot-h-bore gun, when p lo t t ed  

s a i c s t  ve loc i ty . ,   f e l l  on t h e  same st-r-aight l i n e  as the  depths of 

~- craters  produced by the  r i f led-bore gun.  -The c ra t e r   dep ths   fo r   t he  

four  nickel  specimens,  one  of which w a s  of  double  thickness,   are l is ted 

in   Table  4.2 and p lo t t ed   i n   F igu re  4 .3 .  

- 

The f i r i n g s   i n  Materials Development Laboratory  had  been  purchased 

with a spec i f ica t ion   of  f 1.0 per  cent on the  accuracy  of  the  measured 

v e l o c i t i e s .  However, e l iminat ion  of   the  other   possible   causes   of   the  

anomolous in t e rcep t  on the   c ra te r -depth   ax is ,  which appeared   in   p lo ts  

of measured c ra te r   depth   aga ins t  measured  impact veloci ty ,   suggested 

t h a t   t h e  measured ve loc i t ies   might   be   in   e r ror .  

h . 5  Check of t he  Velocity-Measuring  System 

A tnorough  check  of   the  e lectronics   involved  in   the  veloci ty-  

measuring  system w a s  car r ied   ou t  .(16) Fir ings  were made with  0.175-inch 

spheres and the  output  pulse of  each l i g h t   s c r e e n   u n i t  was observed 

on a n  osci l loscope.  Both outputs were  found t o  be  zero-to-plus-fifty- 

vol t   pulses   with an approximate  six-millisecond  decay  time  constant. 

The r i s e   t i m e  of the  output   pulse  was t e n  t o  twenty  microseconds. 

It  w a s  found tha t   t he   ou tpu t   pu l se  from  each u n i t  would occa- 

s iona l ly  go negative.  A schemat ic   o f   the   l igh t   sc reen   un i t  showed t h a t  

the  output  pulse is  generated by t r igge r ing  a thyra t ron .  The t r i g g e r  

is  obtainea from the  output  of a vacuum tube   ampl i f ie r   loca ted  after t h e  

vacuun  phototube. The cause  of the occasional   incorrect   negat ive 

output   pulse   vas   t raced  to   the  thyratron which  remained l a t c h e d   i n   t h e  

ccnduct ing   s ta te .  A coupling  network w a s  changed t o   c o r r e c t   t h i s  

conai t ion and both  l ight   screen  output   pulses  were then  found t o   b e  

cons i s t en t   i n   d i r ec t ion  and amplitude. 

Q6khis  check w a s  made  by Mr. John F. Wolfinger  of Measurements Dev- 
elopment  Sub-operation, CANO-DTO, General   Electr ic  Company, Evendale, 
Ohio, a s s i s t e d  by Mr. Charles L. Burger. 
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?':?e counter  that  had  been  used  was  removed  and  a  counter-command 

generator  was acided to  command  a  Hewlett-Packard  timer.  The  counter- 
command  generator  receives  the  start  light-screen  output  pulse  and 

switches  its  output  from  zero to plus  twelve  volts.  This  output  is 
held  constant  until  the  stop  light-screen  output  is  received  at  which 

time  the  generator  output  drops to zero.  The  generator  output  is  the 
counter-command  signal. To obtain  correct  operation  of  the  generator 
for tking firings  made  with  0.175-inch  spheres,  it  was  necessary  to 

attenuate  the  light  screen  output  from  a  plus-fifty-volt  peak  to  a 

.?ius-fifteen-volt  peak. 

A series  of  firings  was  made  to  obtain  the  velocities  given to 
0.175-inch  spheres  at  nitrogen  gas  pressures  from 5.5 to 500 psig.  The 
two  gauges  that  were  used  over  this  range  of  gas  pressures  were  cali- 
Sratea ana the  gauge  pressures  used  for  the  firings  were  corrected. A 

?lot  of  the  velocities  given to  the  spheres  against  the  gauge  pressures 

that  were  used  for  the  firings  is  shown  in  Figure 4.4. It  can  be  seen 
frox Figwe 4.4 that  the  plot  of  data  obtained  after  checkout  and 
z&:cstrzent of  the  velocity-measuring  system  extrapolates  to  the  origin. 
Lowever,  the  velocity-versus-gauge-pressure  plot,  which  had  been 

o3tainea  for  the  system  prior to  checkout  and  adjustment,  extrapolates 
to aE intercept  on  the  gauge-pressure  axis.  The  intercept  on  the 

gauge-pressure  axis  in  Figure 4.4 is  the  same  kind  of  anomaly  as  the 
intercept  on  the  crater-depth  axis  in  Figure 4.2. Furthermore,  the 

velocity  difference  between  the  curves  of  Figure 4.4 at  pressures  below 
100 Fsig  is  about 50 ft/sec;  this is a  velocity  difference  sufficient 

to  translate  the  straight-line  nickel  curve  of  Figure 4.2 to  the  right 
f a r  enough to  provide  a  substantial  intercept  on  the  velocity  axis. 

More  data  shots  were  fired  on  the  basis  of  assurance  that  the 

systerr, was  working  properly.  However,  plots  of  measured  crater  depth 
zgzinst  netisured  impact  velocity  for  the  new  data  that  were  collected 
vere as anomalous  as  the  plots  of  Figure 4.2. 

At  the  advice of two  ballistics  experts j17) metal  screens  were  then 

(l%ir. Wilfred J. Ferguson  of  Naval  Research  Laboratory,  Washington, D.C.  , 
and Mr. H. F.  Swift of the  University  of  Dayton,  Dayton,  Ohio. 
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introcmea to measure  the  transit  time  of  the  sphere  over  the  1-foot 

base  length. A metal  screen  was  placed  behind  the  light  screen  both 

at  the  beginning  and  at  the  end of  the  base  length.  Two  chronographs 

were  employed;  the  Hewlett-Pacbard  timer  was  controlled  by  the  metal 
screens  and  the  Model 464T Chronograph  (Electronic  Counters,  Inc.)  was 
controlled  by  the  light  screens  as  before.  Both  chronographs  were 

triggered  by  the  passage  of  the  sphere  that  struck  the  metal  specimen 
plate. 

The  metal  screens  that  were  used  were  of  two  types.  One  type 

consisted of a  continuous  metal  line  printed  on  paper  in  the  form  of  a 

The  grid  spacing  was  of  such  a  size  that  impact  of  a 0.175- 

inch  sphere  would  break  the  circuit.  Because  the  0.0938-inch  spheres 

vere too small  to  break  the  circuit, a second  type of screen  was  used 

for  this  sphere  size.  The  second  type  of  screen  consisted  of  two  very 
thin  sheets  of  aluminum  foil  taped  over  each  side  of  a  hole  in  a  thin 

plastic  sheet. The  distance  between  the  aluminum  foils  was  such  that 

impact  of  a  0.0938-inch  sphere  would  close  the  circuit. 

The  remaining  data  shots  were  fired  with  simultaneous  double 

determination  of  the  impact  velocity. Two sets  of  data  with  simulta- 

neous  double  determination  of  velocity  were  obtained  over  the  entire 

velocity  range;  this  range  extended  from  about 50 ft/sec to about 
900 ft/sec.  The  following  analysis  was  made  of  these  data.  For  each 

firing,  the  per  cent  of  difference  between  the  light-screen-measured 

ana the  metal-screen-measured  velocity  (taken  with  respect  to  the  metal- 

screen-measured  velocity)  was  determined  and  was  plotted  against  the 
netal-screen-nieasured  velocity.  See  Figure 4.5. In  Figure 4.5, the 
points  in  the  set  of  data  that  contained  the  smallest  number  of  varia- 

bles  were  connected  with  lines. 

It  can  be  seen  from  Figure 4.5 that  there  is  a  linear  rise  in  the 
per  cent of  difference  with  increase  in  velocity to a  velocity  of 
150 ftlsec.  Because  no  firing  was  made  at  a  velocity  between 150 and 

'%he metal-printed  paper  screens  and  the  idea  for  construction  of  the 
metal-foil  screens  were  contributed  by  Mr. H. F. Swift. 
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Figure 4 .5 .  Comparison of Velocities Measured with t i g h t  Screens and  Metal Screens. 
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25G ft/sec,  it  is  not  known  whether or not 22.5 is  the  maximum  per  cent 
of difference. The behavior  of  the  plot  of  Figure 4.5 at  velocities 
below 250 ft/sec  strongly  suggests  that  the  velocity-measuring  tech- 

nique  employed  may  be  subject to  a  systematic  error  in  the  low-velocity 
range. 

It  can  be  seen  from  Figure 4.5 that  at  ve-locities  above 250 ft/sec 

the  per  cent  of  difference  is  not  much  greater  than 2 1.0 even  when  the 
&ta for t h e  0.0938-inch  sphere,  for  which  the  double-aluminum-foil 
tme of  screen  was  used,  are  considered.  However,  at  velocities  above 

250 ft/sec,  a  curious  form  of  behavior  is  evident.  Except  for  the 
single  point  with  triangular  symbol  plotted  at  a  velocity  of 252 ft/sec, 

the  per  cent  of  difference  is  negative  for  shots  made  with  the  smooth- 
bore  gun  and  positive  for  shots  made  with  the  rifled-bore  gun. 

The  velocity  difference  was  always  taken to be  the  metal-screen- 

measured  velocity  minus  the  light-screen-measured  velocity.  Conse- 
quently,  the  curious  observation  just  cited  means  that  for  shots  made 

with  a  smooth  gun  barrel,  the  light-screen-measured  velocity  is  greater 

t h m  the  metal-screen-measured  velocity  but  for  shots  made  with a 

riflea gun barrel,  the metal-screen-meas~ed velocity is greater  than 
she  light-screen-measured  velocity.  Because  the  metal  scree.ns  were 

located  behind  the  light  screens  in  every  case,  the  light-screen- 
measured  velocity  should  always be greater  than  the  metal-screen- 

nieasured  velocity. 

Secause  the  velocity-measuring  system  should  be  independent of the 
type of gun barrel  employed,  the  curious  behavior  which  has  been 

described  suggests  that  the  velocity-measuring  technique  employed may 

also  be  subject to error  in  the  high-velocity  range. 

In order to make  a  meaningful  analysis of cratering  data  that  are 

collected,  it  is  essential to be  certain  that  the  measured  velocities 
a r e  correct.  To  test  the  accuracy  of  the  velocity-measuring  system, 

the  reasured  velocities  were  compared  with  velocities  that  were 
measured  by  an  independent  method. The  independent  method  selected  was 

a  ballistic  pendulum. 
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The t h e o r y   o f   t h e   b a l l i s t i c  pendulum is  well known [16]. A small 

2ro;ectile  of'known mass, which i s  moving a t  h igh   ve loc i ty ,   g ives  a l l  

of i t s  momentum t o   t h e  pendulum when it impinges  against   the pendulum. 

If t h e  pendulum block is  constrained to move l i n e a r l y   i n  a s i n g l e  

p lane   in   the   impact   d i rec t ion  as a consequence  of  the  impact,  the 

v e l o c i t y   o f   t h e   p r o j e c t i l e   p r i o r   t o   i m p a c t  i s  found by conserving 

l i n e a r  momentum. The ve loc i ty ,  vl, of t h e   p r o j e c t i l e   p r i o r   t o  impact 

i s  given by [I61 

where g i s  the   acce le ra t ion  due t o   g r a v i t y   ( l o c a l l y ,  g = 980.004 cm/ 

s e c / s e c ) ,  ml is t h e  mass of t h e  impinging  project i le ,  m2 i s  t h e  mass 

of  zbe pendulum p l u s   p r o j e c t i l e  af ter  impact,  and h i s  the   he ight   o f  

r lse  of t h e  pendulum block as a consequence  of  the  impact. 

The height  of r ise ,  h ,  w a s  calculated from t h e   h o r i z o n t a l   l i n e a r  

mocion o f  t h e  pendulum block   in   the   impact   d i rec t ion  and t h e   l e n g t h ,   d ,  

of t h e   v e r t i c a l   s u p p o r t i n g   s t r i n g ,  which w a s  ca lcu la ted  from t h e  

Beasured period.  of  the pendulum. I n  terms of   the  per iod  of   the pendu- 

i m ,  T, t ke   l eng th   o f   t he   ve r t i ca l   suppor t ing   s t r ing  i s  given by 

d . = g T  / 4 n  2  2 

The height of r i s e  of t h e  pendulum block is  given by 

(4 .2 )  

where H i s  the  measured  horizontal   motion  of  the pendulum tha t   occurs  

as a result of the   impact   o f   the   p ro jec t i le   aga ins t  it. 

The pendulum t h a t  w a s  used  consisted  of a b a l s a  wood block  sup- 

ported a t  th ree   po in t s  by light-weight  braided  nylon cords!19)  The 

arrangement  of  the  supporting  cords was designed t o  damp out a l l  modes 

'9k'he  mode of support of t h e  pendulum block  and  the method of  measuring 
i t s  norizontal   motion were contr ibuted by M r .  H. F. Swift  of t h e  
L'civersity  of  Dayton,  Dayton,  Ohio, who superv ised   the   co l lec t ion   of  
the  experimental   data .  He w a s  a s s i s t ed   by  Mr. R .  C .  Volmer and Mr. L. B. Engel. 
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of  Eotion of t h e  pendulum block  except   s imple  t ranslat ion i n  t h e  impact 

c i r e c t i o n .  The frame from  which t h e  pendulum was hung was about   f ive  

feet  high.Q0)  During t h e   f i r i n g s   t h a t  were made, t h e  pendulum block was 

shielded from t h e   g a s   b l a s t   o f   t h e  f i r i n g  and t h e  end  of  the pendulum 

block was loca ted  far enough  from t h e   s h i e l d   t o   a v o i d   e r r o r  due t o  a 

suc t ion   e f f ec t .  

The horizontal   motion  of   the pendulum t h a t  was caused  by  impact of 
8 stee;  sphere was determined  with  use of a photographic  technique. 

The  ;enaulurr, block was sprayed  with  black  paint  and a very small f l a s h  

l i gh t   bu lb  and b a t t e r y  were f a s t ened   t o   t he   uppe r   su r f ace  of it with 

b l ack   e l ec t r i ca l   r e s i s t ance   t ape .  A steel  r u l e  w a s  mounted in   such  a 

way tha t   the   g raduated   sur face  of t h e   r u l e  w a s  i n  a plane  with  the 

q p e r   s u f a c e  of   the   g lowing   f i l ament   o f   the   f lash   l igh t   bu lb .  When a 

s t ee l   sphe re  was f i r e d   i n t o   t h e  end  of  the pendulum block,  the  labora- 

tory  Lights  were turned  off  and the   ho r i zon ta l  movement o f   t he  pendulum 

block  as a resu l t   o f   the   impact  was photographed. When t h e  pendulum 

block  reversed i t s  motion at the  end  of  each maximum amplitude of swing, 

s u f f l c i e n t  time e l a p s e d   t o   p e r m i t   t h e   l i g h t  from t h e   f l a s h   l i g h t   b u l b  

t c  cark t he   pos i t i on   o f   t he  pendulum with a b r igh t   s so t   aga ins t   t he  

cierk background. 

':he extent   of   the   horizontal   d isplacenents ,   for   impacts   of  0.175- 
inc? , - i i ze t e r   spne res   t ha t  impinged a t  v e l o c i t i e s  from  about 75 t o  about 

:&L I';/sec,  were  gbtained  fron  measurements on the  photographs.  Measure- 

r-ezts of t he  dis tance  between the  br ight   spots   cn  the  photogr&phs,  which 

=.ark ;be f i r s t  and second maximum amplituae  of  the pendulum, were made 

by esch of two observers  with  use of a t ravel l ing  microscope.  The 

~ ~ g n i f y i n g   f a c t o r  was obtained from readings of ten   ,po in ts  on t h e  

photograph of t h e  s teel  r u l e  by t h e  same two observers   using  the same 

travel l ing  microscope.  

-" 

The measured hor izonta l   mot ion   for   each   f i r ing  was t a k e n   t o  be 

half   of  the  distance  between  %he f irst  and  second m a x i m u m  amplitude 

(*')The pendulum frame was obtained on loan from the  Physics  Department 
of  the  University  of  Cincinnati ,   Cincinnati ,  Ohio. 
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a 2 e r  this dis tance  w a s  reduced by the  width of the   f i l ament .  The 

zeasyzec  horizontal   motion  for   each  f i r ing w a s  cor rec ted   for  loss 

cue t o  a i r  drag and f r i c t i o n a l   r e s i s t a n c e  a t  the  bear ing  points   of   the  

pendulum. To determine  the  logarithmic  decrement,  the pendulum w a s  

s e t   i n  motion  and the  horizontal   d isplacements  of the  first,  t e n t h ,  

ana th i r . t i e th   pe r iods  .were photographed  and  measured. The measured 

d is taece  between t h e  f irst  and  second maximum i n   t h e   f i r s t   p e r i o d  w a s  

found t o  be  1.91720 cm as measured on the   s ca l e   o f   t he   t r ave l l i ng  

mic roscope ;   fo r   t he   t en th   pe r iod   t h i s   d i s t ance  w a s  found t o  be 

1.70685 cm. The logarithmic  decrement i s  1/9 of the  logari thm  of   the 

rztio 1.91720/1.70685  or  0.00559.  Horizontal  motion  during  the t e s t  

f i r i G s  with  the pendulum occurred  over   three  fourths  of a per iod.  To 

a c lose   approximat ion ,   the   mul t ip ly ing   fac tor   to   cor rec t   for   th i s  

azi0ur.t of motion is 1.0097. The cor rec t ion  amounts t o  roughly one 

per  cent.  

Each sphere   tha t  w a s  f i r e d   a g a i n s t   t h e   b a l l i s t i c  pendulum passed 

through two l i g h t   s c r e e n s   t h a t  were loca ted  one foo t   apa r t .  The occlu- 

s ion of t h e   f i r s t  and  second l igh t   s c reen  by the   sphere   s ta r ted  and 

stopped a chronograph,  respectively. The velocity  of  each  sphere w a s  

calculated  both from  eq ( 4 . 1 )  and as the   r ec ip roca l  of i t s  t r a n s i t  

time over   the   one- foot   base   l ength ;   these   ve loc i t ies   a re   re fe r red   to  

below as   t he  pendulum ve loc i ty  and the  chronograph  velocity,   re- 

spect ively.  

The c'nronograph ve loc i ty  is  p lo t ted   aga ins t   the  pendulum veloc- 

ity in  Figure 4.6.  The s t r a i g h t   l i n e  drawn in   F igu re  4.6 i s  a l e a s t  

squares fit t o   t he   p lo t t ed   po in t s   ob ta ined   w i th   u se   o f  a computer 

program(21) which a l so   y ie lds   the   s tandard   devia t ion   of   the   s lope  and 

in t e rcep t .  The l inear  equation  found by t h e  computer  program i s  

Vc = 1.027 V + 83.7063 
P 

( 4 . 4 )  

(21)T'his camputer  program w a s  constructed by M r .  Lars H .  Sjodahl,  
Ceramic Materials Research,  Nuclear  Systems  Programs,  General 
E l e c t r i c  Company, Evendale, Ohio. 
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Figure 4.6. P l o t  o f  Chronograph Velocity  Against Pendulum Velocity.  
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;rkere V is  tLe  chronograph  velocity  in  cm/sec  and V is  the  pendulum 
velocity  in  cm/sec. The  standard  deviation  of  the  slope of the  line 
is 2 0.00591727 and  the  standard  deviation  of  the  intercept  is 
- + 70.5972 cm/sec. 

C P 

Taking  twice  the  value of the  standard  deviation  as a measure  of 
95 percent  confidence,  it can  be  seen  that  the  slope of the  straight 
line  is known with  a  high  degree  of  confidence  (roughly,  one  percent) 
but  the  ictercept  is  very  poorly  known.  The  intercept  of  the  calcu- 
lated  best-fit  line  may  be  the  result  of  scatter  in  the  data.  It  is 
possible  to  impose on the  least  squares  fit  the  condition  that  the  line 
n u s t  pass  through  the  origin;  this  would  increase  the  slope  by  a  small 
araouct. however,  it  was  considered  preferable  to  accept  eq (4.4) as 
the  relation  between  the  chronograph  velocities alld pendulum  velocities. 

Prom  eq (4.4), and  with  consideration of the 95 per  cent  confi- 
dence  limits on the  slope,  it  appears  that  the  chronograph  velocities 

are  from 1.7 to 3.7 percent  high.  Although  the  error  in  the  chrono- 
graph  velocities  is  not  large,  it  was  considered  advisable  to  convert 
the  chronograph  velocities of the  test  firings  into  pendulum  velocities 
with  use  of  eq (4.4). The  pendulum  velocities  contain  only  the  measure- 
nent  error  which  is  less  than 5 0.5 percent. 

All of the  measured  velocities  of  the  data  shots  that  were  made 
were  corrected  with  use of eq (4.4). When  the  depths of the  craters 

that  were  produced  by  the  firings  were  plotted  against  the  corrected 
veiocities,  it  was  found  that  the  seemingly  anomalous  behavior  of  the 
crater-depth-versus-velocity  plots  was  still  evident.  On  the  basis  of 
the  tests  that  had  been  made,  this  behvaior  was  accepted  as  a  real 
effect  ana an effort  was  made  to  understand  it.  Metallographic 
studies  of  the  metal  around  impact  craters  in  each  of  the  selected 
metals  were  carried  out, a study  was  made  of  the  stress-strain 
behavior of the  metals,  and  hardness  measurements  were  made  both 
below  the  crater  and to  the  side of the  crater  edge. 
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5 .  FURTEER DIAGNOSTIC STUDIES 

5.1 Appearance  of  the  Surface  Metal  at  the  Rim  of  the  Crater 

If  a  metallic  surface  has a high  polish  prior to being  deformed 
in  some  way,  the  exi-stence  of  slip  lines  in  the  metal  below  the  surface 

(plastic  flow)  can  be  detected  by  inspecting  the  surface  itself;  the 
ends  of  the  slip  lines  are  visible as microscopic  ledges  on  the  surface. 

!.lit:? the  exception  of  zinc, the  specimens  of  the  six  metals  that  were 
seLecte2 for the  steel-sphere-impact  study  were  given  a  metallographic 

>olish  (see  Section 3.2.3). 

Inspection of  the  surface  metal  around  the  rims  of  craters  pro- 
duced  in  nickel  specimens by impacts of 0.175-inch-diameter  steel  spheres 
at  velocities  of 1291, 2254, 3342, 3779, 4243, and 17465 cm/sec,  re- 
spectively,  was  informative.  From  the  micrographs  shown  in  Figure 5.1, 

1: csr! be  seen  that,  although  the  surface  metal  near  the  rims  of  the 

craters  produced  at  velocities  below  4243  cm/sec  is  essentially  feature- 

less,  there  is  a  gradual  development of surface  irregularity  with  in- 

crease  in  velocity. 

For  iapact  velocities  below 4243 cm/sec,  the  development of surface 
irregularity,  which  indicates  that  plastic  flow  of  the  metal  around  the 
crater  produced  by  the  iapact  has  occurred,  appears  to  be  negligible  in 

aTount. The  surface  metal  near  the  rim  of  the  crater  produced  at a 

velocity of 17465 cm/sec,  on  the  other  hand,  shows  clear  evidence  that 
plasttc  flow  has  taken  place  in  the  metal  around  the  crater;  the  metal 
grair.s  are  not  only  protruding  from  the  surface  but  the  individual  grains 

are  striated  with  microscopic  ledges  which  indicate  that  slip has oc- 

curred. 

!?icroqraphs OF the  surface  metal  around  the  rims  of  craters  pro- 
duce?  in  the  other  five  selected  metals  and  in 1100-0 aluminum  by  im- 

pact- of G.175-inch  steel  spheres  at  velocities  in the  range of 1.72 
to 1.75 x 10 cn/sec  are  shown  in  Figure 5.2. From  these  micrographs 

it can  be  seen  that  there  is  clear  evidence of plastic  flow  in  the 

netal  around  the  craters  that  were  produced  in  tantalum,  iron,  and  the 

two  heat-treatmept  states of Udimet 700. In the  case of zinc  and 

4 
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Veloc i ty ,  1 2 9 1  cm/sec Veloc i ty ,  2254 cm/sec 

Veloc i ty ,  3342 cm/sec Veloc i ty ,  3779 cm/set 

Veloc i ty ,  4243 cmlsec 

i 
Veloc i ty ,  17465 cmlsec 



Aluminum, Velocity,   17406 cm/sec Zinc,   Veloci ty ,   17328 cm/sec 

U-700 Aged, Veloc i ty ,  17153 cm/sec U-700 Sol 'ned,   Veloci ty ,   17182 cm/sec 

Iron,  Velocity,   17036  cm/sec  Tantalum,  Velocity,   17066 cm/sec 

Figure  5 .2 .   Surface V i e w s  of S e l e c t e d  Metals Near t h e  R i m  o f   t he  Crater. 
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1135-0 al*minun,   there  i s  no surface  evidence which  would i n d i c a t e   t h a t  

-31zstic  flow i n   t h e  metai around  the  craters   has   occurred.  It is note- 

worthy,  however, t h a t  impact  specimens  of  zinc  and  of 1100-0 aluminum 

were not  given a rnetallographic  polish.  

5 .2   Studies   of   the  Metal Around t h e  Craters with 'Use of Cross-Sectional 

cu t s  

To determine  the relative micros t ruc tura l   response   o f   the  s i x  metals 

- 

t h z t  were selected  for   the  s teel-sphere- impact   s tudy,  a cross-sect ional  

cut  w a s  made of  a crater produced i n  a specimen  of  each metal; a cross- 

sectional  cut  of  an  impact crater i n  1100-0 aluminum w a s  a l s o  made. To 

n&e comparison  of  the  impact  behavior  of  these metals more meaningful, 

t h e  specinens  that  were se l ec t ed   fo r   s ec t ion ing  were chosen on t h e   b a s i s  

t h a t   t h e  impact  velocity  used w a s  i n   t h e  ranRe  of  1.72  to.1.75 x 10 

cn/sec. To b e   a b l e   t o  compare the  impact  behavior a t  low  and a t  hiah 

veloci ty ,  a cross-sectional  cut  of  an  impact  crater  in  nickel  produced 

a t  a ve loc i ty   o f  3342 cm/sec w a s  a l s o  made. 

4 

5.2.1 Gross  Surface  Contour 

Surface  views  of  the  cross-sectional  cuts of t h e  specimens t h a t  w e r e  

s e l ec t ed  are shown in   F igure  5.3. An i n t e r e s t i n g   d i f f e r e n c e   i n   c r a t e r  

contour i s  appa ren t   i n   t he   c r a t e r   c ros s   s ec t ions  shown i n   t h i s   f i g u r e .  

If a s t r a i g h t  edge i s  la id   across   the   sur face  of t h e  metal i n  which t h e  

c r a t e r   e x i s t s ,  it can   be   seen   tha t   in   the   case  of nickel ,   z inc,   and  a lu-  

min -m a c o l l a r   o f  metal around  the edge of   the  crater   has   been  depressed 

with  respect   to   the  remaining  surface metal of   the  specimen  plate .   This  

is  shown schematical ly   in   sketch ( a )  of  Figure 5.4. The magnitude  of 

t h i s   e f f e c t  i s  not  equal;  it is much less f o r  aluminum than   fo r   n i cke l  

or   z inc and it i s  very much less fo r   n i cke l  a t  an  impact  velocity  of 

3342 cm/sec than   fo r   n i cke l  a t  an  impact  velocity  of 17465 cm/sec. 

Th i s   sugges t s   t ha t   t h i s   e f f ec t  is a funct ion  both of t h e  impact  velocity 

and of   mater ia l   propert ies .  

Using t h e  same procedure, it can  be  seen  that   for   tantalum,  i ron,  

ana Udinet 700 a c o l l a r  of metal around  the  edge  of  the  crater  has  been 
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. , . . . . . . 

Impact  Velocity, 3342 cm/sec 

. . , " . . . 

Impact  Velocity, 17465 cm/sec 

* '  . . .  ' ,  . ,  
J F , ,  . .' . I  

Impact  Velocity, 17328 cm/sec 

Impact  Velocity, 17406 cm/sec 

Figure 5 . 3 .  Surface  Contrours  Around  the  Impact Craters. 
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Impact   Veloci ty ,  17066 cm/sec 

I r o n  

Impact  Velocity,  17036  cm/sec 

Impact  Velocity,   17182 cm/sec 

Impact  Velocity,   17153 cm/sec 

l m - +  t- 
F i g u r e  5.3. Surface  Contours  Around the   Impact  Craters. (Cont.) 

7 1  



(a) Crater  Contour:  Nickel,  Zinc,  and Aluminum 

( b )  Crater  Contour:  Tantalum,  Iron, and {Jdirnet 700 

Figure 5 .4 .  Gross  Surface  Contour of the  Craters .  
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rr , ise2 vith  respect  to  the  remaining  surface  metal  of  the  specimen  plate. 

This  is  shown  schematically  in  sketch (b) of  Figure 5.4. The  magnitude 
of  this  effect  is  considerably  less  in  Udimet  TOO  than  in  tantalum  and 

iron.  Similar  elevated  collars of metal can'be seen in cross  sections 
of  craters  produced  by  impacts of  steel  spheres  against  specimen  plates 
of annealed  electrolytic  tough  pitch  copper  and  of 2024-0 aluminum  alloy 
that  were  produced  in an earlier  study [TI; the  effect  is  more  pronounced 
in 202b-0 aluminum  than  in  copper. 

5.2.2 Subsurface  Microstructural  Change 

The  cross-sectional  cuts  were  given  a  metallographic  polish  and  were 

etched to make  the  grain  structure  visible.  Satisfactory  results  were 
obtained  in  the  case of  the  six  metals  selected  for  use  in  the  study;  a 
goo6 etched  cross  section of the  crater  in 1100-0 aluminum  was  not  ob- 
teired. 

!?he cross  sections  of  the  craters  produced  in  nickel  by  impacts of 

0.175-inch  steel  spheres  at  velocities of 3342 and 17465 cm/sec  are 
shown  in  the  micrographs of Figures 5.5 and 5.6. From  Fiqure 5.5 it 
can  be  seen  that  evidence  of  plastic  flow  in  the  metal  is  at  most 
vanishingly  small  under  the  crater  produced  in  nickel  at  a  velocity 

of 33b2  cm/sec.  The  situation  is  notably  different  in  the  metal  around 
the  crater  produced  in  nickel  at  a  velocity of 17465 cm/sec.  From 
Figure 5.6 it  can  be  seen  that  there  is  evidence of plastic  distortion 
in  the  metal  for R distance  of  about  one  crater  diameter  below  this 
crater and to  a  small  distance  beyond  the  crater  rim.  These  observations 

are  in  agreement  with  those  pointed  out in  Section 5.1. The  observations 
sugcest  that  impact of a  0.175-inch  steel  sphere  against  nickel  at 3342 

cn/sec  results  in  a  pressure  pulse  that  produces  very  little  plastic 
distortion  but  that  impact of a  steel  sphere of the  same  size  against 
nickel  at a velocity of 17465 cm/sec  results  in  a  pressure  pulse  that 
produces  notable  plastic  distortion. 

The cross  section of the  crater  produced  in  zinc  by  impact of a 

0.175-inch  steel  sphere  at  a  velocity of 17328 cm/sec  is  shown  in  the 
micrograph of Figure 5.7. The  metal  around  the  inside  surface  of  the 
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Nickel,   Impact  Velocity,  3342 cm/sec 

Figure 5 . 5 .  Subsurface   Micros t ruc tura l  Change in   N icke l  a t  a Low Velocity.  
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Figure  5.7. Zinc, Impact  Velocity 17328 cm/sec. 



crater  was  attacked  during  electro  polishing  with  the  result  that  the 
crater  contour  is  no  longer  sharp.  Comparison  of  the  grain  size  in 
the  metal  around  the  crater  with  the  grain  size  in  the  metal  below  the 
central  part of  the  crater  produced  the  information  that  the  erains 
are of smaller  size  in  the  metal  just  below  the  crater.  Reduction  of 
grzin  size  in  zinc  is  produced  as  a  result  of  machining;  presumably 
the  increase  in  temperature  associated  with  the  plastic  flow  produced 
Ir! the  3achining  process  causes  the  metal to recrystallize  in  smaller 
crains.  Although  there  is no clear  evidence of plastic  flow  within  the 
grains of zinc  themselves,  the  change  in  grain  size  suggests  that 
Zlaszic  flow  did  occur  in  zinc  for  impact of a  0.175-inch  steel  sphere 
3: 8 -relocity  of  17328  cm/sec.  This  information  was  not  obtained  in 
" -:.e surface  study  discussed in Section 5.1 presumably  because  the  zinc 

surr'ace  was  not  in  a  sufficiently  high  state of polish. 

The cross  section  of  the  crater  produced  in  Udimet-700-solutioned 
by  irnpact of a  0.175-inch  steel  sphere  at  a  velocity of 17182 cm/sec 
is shown in  the  micrograph of  Figure 5.8. There  is  clear  evidence  of 
Dlastic  flow  in  the  metal  below  the  surface of this  crater;  the  metal 
grains  are  both  distorted  and  striated  with  slip  lines  and/or  twins. 
Yat plastic  flow  has  occurred  can  also  be  seen  in  the  displacement of 

the  stringers of precipitate  in  the  alloy  immediately  under  the  crater. 

?he  cross  section of the  crater  produced  by  impact  of  a  0.175-inch 
steel  sphere  against  Udimet-700-aged  at  a  velocity  of  17153  cm/sec is 

show. in the micrograph of  Figure 5.9. At  first  sight  there  appears to 

be co evidence of plastic  flow  in  the  metal  below  the  crater  shown  in 

Fiqxre 5.9. However,  bending  of  the  stringers of precipitate  in  the 
alloy  under  the  bottom  surface  of  the  crater  indicates  that  plastic 
flow has  occurred;  in  addition,  evidence  of  plastic  flow  in  Udimet-700- 
azed  was  pointed  out  in  Section 5.1. The fact  that  the  stringers of 
precipitate  appear to fan  outward  under  the  crater  shown  in  Figure 5.9 

sugqests  that  there  may  have  been  some  plastic  flow  in  the  radial 
Cirection. 

From  the  evidence  of  plastic flow in  the  metal  grains of Udimet-700- 
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Udimet 700 Solutioned,  Impact Velocity 17182 cmlsec 

Figure 5.8. Subsurface  Microstructural Change in Udimet 700 Solutioned. 



Udimet 700 Aged, Impact  Velocity 17153 cm/sec 

Figure 5.9. Subsurface  Microstructural  Change i n  Udimet 700 Aged. 



zz11;zioxed i n   F i g w e  5.8 and  from t h e   d i s t o r t i o n  of t h e   s t r i n g e r s   o f  
"0" , - ,LI.dIVate -, + i n  Udimet-700-aged in   F i eu re  5.9, it a p p e a r s   t h a t   p l a s t i c  

9' , - D X  ir, t h e   n e t a l   u n d e r   t h e   c r a t e r s   i n  Udimet 700 e x t e n d s   t o  a depth 

cf only  approximately  one  fourth  of a crater   diameter .   Apparent ly ,  

plast ic   f low  does  not   extend  to  as g rea t  a depth  below  the crater i n  

Ucinet 700 as it does  below t h e   c r a t e r   i n   n i c k e l .  The c r a t e r s  were pro- 

duced by spheres   o f   the  same s i z e  a t  e s s e n t i a l l y   t h e  same veloc i ty .   This  

observation is  i n  agreement   with  the  difference  in   the  yield  s t rengths  

c? t hese   ne t a l s .  

The c ross   s ec t ion   o f   t he   c r a t e r   p roduced   i n  Armco i ron  by impact  of 

a 0.175-inch s teel  sphere a t  a veloci ty   of  17036 cm/sec i s  shown i n   t h e  

zicrograph of Figure 5.10.  There i s  c l ea r   ev idence   o f   p l a s t i c   f l ow  to  a 

Ze3:h of approximately  one  crater  diameter below t h e   s u r f a c e   o f   t h i s  

c r a t e r  and t o  a distance  of  roughly  one  half  a crater   diameter   around  the 

r L z  of t h e   c r a t e r .  It can a l so   be   s een   t ha t   t he   su r f ace   o f   t he  metal i s  
..". ,.,,,.~leted a t  t h e  r i m  of t h e   c r a t e r  which sugges ts   tha t  some p la s t i c   f l ow 

52s x c u r r e d   i n   t h e   r a d i a l   d i r e c t i o n .  

"he c ros s   s ec t ion  of t h e   c r a t e r  produced in   t an t a lum by  impact of a 

0.175-inch s teel  sphere a t  a veloci ty   of  17066 cm/sec i s  shown i n   t h e  

zicrograph of Figure 5.11. I n   t h i s  micrograph  also  there i s  clear   evidence 

of p l a s t i c   f l ow i n  t h e  metal g r a i n s   t o  a depth  of  approximately  one  crater 

diaTeter  and t o  a distance  of  roughly one h a l f  a crater  diameter  around 

t h e   r i n   o f   t h e   c r a t e r .  It i s  i n t e r e s t i n g   t o   n o t e   t h a t   t h e   p l a s t i c  flow 
does  not  appear t o  be  cont inuous  under   the  crater   in   tantalum a t  d is -  

t ances   g rea te r   than   ha l f  a c r a t e r   d i a m e t e r ;   i n   t h i s   r e s p e c t   t h e   c r a t e r  

i n  t a - ta lm d i f f e r s  from t h e   c r a t e r  formed i n   i r o n  by  impact  of a s t e e l  

sphere of t h e  same s i z e  a t  e s s e n t i a l l y   t h e  same veloc i ty .  

From the   s tacdpoin t  of t h e  moving-plug  model of   c ra te r ing ,  it i s  of 

s p e c i a l   i n t e r e s t   t o   n o t e   t h a t   g r a i n s  which c o n t a i n   s l i p   l i n e s   a n d / o r  

t w i n s  extend downward from t h e  r i m  o f   t he   c r a t e r   i n   t an t a lum.   Th i s   ev i -  

dence o r  p las t i c   f l ow a t  the   per iphery   o f   the   c ra te r   could  mark t h e  move- 

nent  of  the  plug of metal under   the   c ra te r   wi th   respec t  t o  the  remaining 

n e t a l  of t h e  specimen; the  accumulation  of more evidence  from  the 
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Iron,  Impact  Velocity  17036  cmlsec 

Figure  5.10.  Subsurface  Microstructural  Change i n   I r o n ,  



Tantalum,  Impact  Velocity 17066 cm/sec 

Figure 5.11. Subsurface   Micros t ruc tura l  Change i n  Tantalum. 



sectloninq of a  number of craters  is  needed to demonstrate  that  this 
sbservatior!  is  true  in  qeneral. The positioning of the  slip  lines  and/ 
CI tuirs and  the  appearance of surface  undulations  around  the  rim of 

tke  crzter  in  tantalum  shown  in  Figure 5.11 suggest  that,  as  in  the  case 
of iron,  some  plastic  flow  has  taken  place  in  the  Tadial  direction. 

To confirm  the  observations  that  have  been  pointed  out  in  Figures 
5.5 through 5.11, a  micrograph  at  high  magnification  was  made  of  the 
metal  immediately  below  the  bottom of the  crater  in  each  of  the  cross- 
sectional  cuts.  These  micrographs  axe  shown  in  Figures 5.12 through 

5.15. 

The micrographs  in  Figure 5.12 confirm  the  observations  made  with 
regard to nickel.  There is no clear  evidence of plastic  flow  in  the 
zickel  grains  under  the  crater  produced  at  an  impact  velocity  of 33112 

cz/sec.  Sowever, for the  crater  produced  at  an  impact  velocity  of 
17L65 cm/sec,  the  grains  of  nickel  immediately  under  the  crater  are 
flattened  out  perpendicular to the  direction  of  impact. 

The  micrographs  in  Figure 5.13 confirm  the  observations  made  with 
regard  to  zinc. The grains of metal  at  the  bottom of the  crater  are 
snal.ler  than  those of the  zinc  in  its  as-received  condition.  From  the 
micrograph of the  zinc  in  its  as-received  condition,  it  can  be  seen  that 
tvins  existed  in  the  metal  prior to the  impact of the  steel  sphere.  Re- 
crystallization  due  to  heating  as  a  result  of  the  impact  has  removed  the 

twins from the  metal  immediately  under  the  impact  crater. 

The  nicrographs  in  Figure 5.14 confirm  the  observations  made  with 
regard to Vdimet 700. Plastic  flow  has  occurred  in  both  solutioned  and 

i_n  aeea  Udirnet 700 because  for  each of these  heat-treatment  states  the 
grains of the  netal  immediately  under  the  crater  are  striated  with  slip 
lines  and/or  twins. The striations  on  the  grains  of  aged  Udimet 700 are 
finer  in  texture  than  those on  the  grains of solutioned  Udimet 700; this 
explains  why  they  were  not  visible  at low magnification. 

The  micrographs  in  Figure 5.15 confirm  the  observations  made  with 
regard  to  tantalum  and  iron.  That  plastic  flow  occurred  in  the  metal 
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Nickel,   Impact  Velocity 3342 cm/sec 

Nickel,   Impact  Velocity 17465  cm/sec 



. 

I n   t h e  As-Received  Condition 

At t h e  Bottom  of  the Crater 

Impact  Velocity,  17328  cm/sec 

Figure 5.13 .  Change i n   t h e   M i c r o s t r u c t u r e  of Zinc. 
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Udimet 700 Solutioned,  Impact Velocity 17182  cm/sec 

Udimet 700 Aged, Impact Velocity 17153 cm/sec 

Figure 5.14. Microstructure of Udimet 700 at the  Bottom of the Crater. 
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Tantalum,  Impact  Velocity  17066 cm/sec 

Iron,   Impact   Veloci ty   17036 crn/sec 



x 5 e r  t h e  craters   produced  in   each of t h e s e  metals is  subs tan t ia ted  

by :ke c lear ly   d i scern ib le   s l ip   l ines   and/or   twins   and  by t h e   f a c t  

t h a t   t h e   g r a i n s   c l o s e   t o   t h e   b o t t o m  of t h e   c r a t e r  are f l a t t e n e d   o u t  

perpendicular   to   the   d i rec t ion   of   impact .  

5.3  Inforrmtion From Stress-Strain  Behavior 

Stress-strain  behavior  has  been  pointed  out as an area of uncer- 

ta in ty   wi th   regard   to   the  moving-plug  model o f   c r a t e r ing  on  which 

eqs (1.1) and (1.3)  are   based (see Section 1 .5 .2) .  The t e n s i l e  proper- 

t i e s  of t h e  s i x  se lec ted  metals were determined  for  the  heat-treatment 

s t a t e s   i n  which these  metals were used as impact tes t  p l a t e s  (see Sect ion 

i.L) an5  copies  of  the  autographic  recording of t h e  t es t s  were obtained. 

? o r  each of the   pure  metals except   nickel ,  a t  least  one stress- 

s t ra in   curve  was ava i l ab le   fo r  which the  autographic  recording had been 

ca r r i ed  as f a r   a s  0.004 inch   pe r   i nch   o f f se t ;   i n   t he   ca se  of nickel  

tne s t ress -s t ra in   curves  were i n  no case  recorded beyond  0.003 inch 

per   inch   of fse t .  The 0.2 and 0.4 percen t   o f f se t   y i e ld   s t r eng ths ,   t he  

s lopes  of   the   s t ress-s t ra in   curves  at these   po in t s ,  and the  percentage 

chance  of  these  quantit ies are given  in   Table  5.1. Data f o r   t h e  1100-0 

aluminum t h a t  was used   i n  an earlier study [7] are a l so   g iven .   In   t he  

case of  Udinet  700 al loy,   the   extensometer  was removed s h o r t l y  af ter  

9.902 inch  per   inch  offset  was reached. The da ta   g iven   for  Udimet 700 

i n  Table 5 . 1  were obtained from s t ress -s t ra in   curves  ( 2 2 )  f o r  a d i f f e r e n t  

hea: of Udinet 700; the   shapes   o f   these   s t ress -s t ra in   curves  are similar 

tc those 0:" the   curves   ob ta ined   for   the   hea t   o f  Udimet 700 from which t h e  
" I..?.-ct t e s t   D la t e s  were made. 

Prom the   data   of   Table  5.1, it can be seen   t ha t   fo r  aluminum, n i cke l ,  

azC; z inc   the  0.4 p e r c e n t   o f f s e t   y i e l d   s t r e n g t h  i s  subs tan t ia l ly   h igher  

than   the  0.2 pe rcen t   o f f se t   y i e ld   s t r eng th  and t h a t   t h e   s l o p e s  of t h e  

s t ress -s t ra in   curves  a t  these   po in ts  show l i t t l e  i f  any  change. On t h e  

( 2 2 )  These  curves were supplied on request  by the   Spec ia l  Metals Corpora- 
t i o n ,  New Xartford,  New York. 
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\ QUANTITY 

0.2 PERCENT  OFFSET 

YIELD STRENGTH, psi 

0.4 PEXCENT JFFSET 

YIELD STRENGTH, psi 

CHANCE I N  YIELD 

STRENGTH, percent 

do/& AT 0.2 PER- 

CENT OFFSET, psi 

da/dE AT 0.4 PER- 

CENT OFFSET, psi 

CHANGE I N  do/&, 

percent 

TABLE 5.1 

STRESS-STRAIN DEIIAVIOR OF THE  SELECTED ME;TAtT; 

1100-0 NICKEL 

PURE Z I N C  I UDIMET 700 UDIMET 700 

I 

ALUMINUM i 770 SOLUTIONED 1 AGED 

2,614 ’ 4,970 6,556 1 132,048 1 134,993 
I 1 

! 

I 

3,242 i a 5,805 138,675 7,730  135,484 

-, 

I 
24.0 1 16.8 1 17.9 2.6 I 

2.7 

~~ ~ ~~ 

i 

414,000 735,000 j 2,455,000  2,455,000 895,000 
1 

I 
I 

I 

I 
415,000 1 895,000 920,000 j 1,227,500 735,000 

I 

0.24 62.5 ~ 50 no  change  no  change 
i 
I 

TANTALUM 

28,698 

22,584 

21.3 

-3,452,500 

”- 

-1,332,500 

61 

ARMCO 
I R O N  

20,h50 

13,335 

5.5 

-1,222,500 

147,500 

112 

a This  value i s  the 0.3 percent  offset  yield  strength. The extensometer was removed i n  every  case for  the four 
specimens that were pulled  before  the 0.4 percent  offset  yield  point was reached. 
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~ ‘ 5 3 : s  cf +,teir  stress-strain-behavior,  it  can  be  expected  that  the ..” ,-+act jehavior  of  these  metals  should  be  similar.  It  is  known  from 

an  eariier  stu6y [?’I that  the  crater-depth-versus-velocity  plot  for 
1100-0 aluninum  is  a  straight  line  and  that,  for  the  three  sizes of 
steel  spheres  for  which  cratering  data  have  been  tabulated [ T I ,  the 

straiqht  line  is  in  every  case  given  quite  well  by  eqs (1.1) and (1.3) 
ufien the  numerical  coefficients  for  these  equations  are  taken to be 17.5 
and  unity,  respectively  (see  Section 1.4.1). On  the  basis  of  stress- 
s:raic behavior,  it  can  be  expected  that  the  crater-depth-versus- 

velcttty  plots  for  nickel  and  zinc  should  also  be  found to be  straight 
lizes sr.5 that  these  straight  lines  should  be  given  by  eqs (1.1) and 

(1.3). 

In  the  case of Udimet 700 both  in  the  solutioned  and  in  the  aged 
condition,  it  can  be  seen  from  Table 5.1 that  there  is  very  little 

difference  between  the 0.2 and  the 0.4 percent  offset  yield  strengths. 
In  addition,  it  can  be  seen  that  there  is  a  decrease  of 50 percent 

or  more  in  the  slopes  of  the  stress-strain  curves  at 0.002 and 0.004 
inch  per  inch  offset.  This  stress-strain  behavior  is  quite  different 

f ron that  of  aluminum,  nickel,  and  zinc.  It  may  presage  an  approach 

to  zero  slope,  which  occurs  before  a  sharp  yield  point,  and  may  have 

a sirnilar  effect on the  applicability of the moving-plug  model  of 

cretering  (see  Section 1.5.2). On  the  basis  of  its  stress-strain  be- 
havior. it can  be  anticipated  that  the  crater-depth-versus-velocity 

plot  for  Udimet 700 alloy  may  differ  from  that of the  pure  face-centered- 
cubic  metals. 

In  the  case of tantalum  and  iron,  the 0.4 percent  offset  yield 
strength is lower  than  the 0.2 percent  offset  yield  strength.  The  slopes 

of the  stress-strain  curves of both  tantalum  and  iron  axe  negative  at 

0.002 inch  per  inch  offset;  both of these  metals  display  a  sharp  yield 
point.  On  the  basis of  this  type  of  stress-strain  behavior,  it  can  be 

anticipated  that  the  crater-depth-versus-velocity  plots  of  both  tantalum 
and iron  may  display  a  noticeable  curvature  or  a  change  in slope (see 
Section 1.5.2). 
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Stress-strain  curves  of  the  seven  selected  metals  are  shown  in 
Piqxes 5.16, 5.17, 5.18 and 5.19. The  curves  shown  in  these  figures 
were  selected  as  being  representative;  the  curve  for  each  metal  is  not 
in  every  case  the  same  as  the  curve  from  which  the  data  presented  in 

Table 5.1 were  obtained. 

5.4 Information on Work-hardeninu  Produced  by  the  Impacts 

Plastic  flow  in  a  metal  is  accompanied  by  work-hardening. It 
should..therefore,  be  possible to estimate  the  extent  and  the  intensity 
or degree to which  plastic flow  occurred  around  the  craters  shown  in 

Figures 5 . 5  through 5.11 by  making  Knoop  microhardness  determinations 
around  the  craters. The hardness  analysis  was  restricted to a detemi- 

nation  of  hardness  profiles  in  two  directions.  One  series  of Knoop 

microhardness  determinations  was  made  in a line  extending  into  the  metal 
belov  the  bottom of the  crater; a second  series of Knoop  microhardness 
determinations vas made  in  a  line  extending  into  the  metal  outward  from 

against  distance  measured  from  the  crater  bottom  and  crater  side  (or 

center),  respectively, in  Figures 5.20 (a)  and  (b)  through 5.27 (a)  and 
(b). 

It was considered  essential  that  the  line  of  hardness  determinations 

made  from  the  side of the  crater  be  taken  well  below  the  surface of the 
specimen  to  avoid  the  interfering  effect of surface  hardness  due  to 
polishing. For all the  metals  except  zinc,  the  depth  below  the  surface 
vas 10 mils..  For  zinc  it  was  necessary  to  take  the  hardness  readings 
at a  distance  of 20 mils  below  the  surface  because  the  loss  of  metal 
f r m  the  specimen  cross  section  during  electropolishing  made  it 
irnpossible to  impress  the  hardness  indenter  at  a  distance of 10 mils 
belov  the  surface  without  interference  from  the  plastic  material  in 
which  the  specimen  cross  section  was  embedded. 

(23 )  The  hardness  detenninations  were  made  by  Mr. L. B. Engel  and 
Mr.  William  Bohle,  General  Electric  Company,  Evendale,  Ohio. 
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For a different   reason,  it was cons idered   essent ia l   tha t   the  

s t a r t i ng   po in t s  for both  l ines  of  hardness  determinations  be  taken at 

some dis tance from t h e   c r a t e r  w a l l .  I f   the   cross-sect i .ona1  cut   has   not  

been  ground to   t he   exac t  mid-point  of t h e   c r a t e r ,  a thin  ledae  of  metal  

nay ex is t   near  the edge of t he   c r a t e r .  A hardness  value  obtained on 

t h i s  thin  ledge of metal w i l l  be  low  because the  ledge of metal w i l l  

y i e i d  under  the  indenter. 

Comparison of the  calculated’diameters   with  the measured diameters 

of t he   c r a t e r s  makes it p o s s i b l e   t o  assess whether or not   the  cross-  

sec t iona l   cu ts  were  ground t o   t h e  m a x i m u m  diameter of t he   c r a t e r .  A l l  

of the   c r a t e r s ,  around which hardness  determinations were made, were 

formed by impacts  of  0.175-inch-diameter steel  spheres. The diameters 

of t h e   c r a t e r s  were calculated  with  use  of   the  equat ion 

where d is the   crater   diameter ,  R i s  the   rad ius  of the   s tee l   sphere  

t k z t  produced t h e   c r a t e r ,  and 6 i s  the  depth of t h e   c r a t e r  below t h e  

original surface of t h e  metal. The diameters of t h e   c r a t e r s  as seen 

in   the  cross-sect ional   cuts  were measured a t  the   o r ig ina l   su r f ace  of 

t he  metal. The calculated and the  measured values of crater   diameter  

a r e   l i s t e d   i n   T a b l e  5.2. 

From Table 5.2 it can  be  seen  that for every metal except  aged 

Udinet 700 the  calculated  diameter   of   the   crater  is  grea te r   than   the  

measured  diameter. It can  be presumed t h a t   i n   t h e   c a s e  of aged Udimet 

700 the   cross-sect ional   cut  was ground to   t he   t rue   d i ame te r  of t he  

c ra t e r .  For the   o ther  metals, grinding of t he   c ros s   s ec t ion   e i the r  

overshot or undershot  the true diameter of t he   c r a t e r .  The most probable 

e r r o r  i n  grinding a c ross   s ec t ion   t o   t he   t rue   d i ame te r  of a c r a t e r  i s  

to   g r ind   t oo   f a r .  

Inspection  of  Figures 5.20 ( a )  through 5.27 (a) shows t h a t  t h e  only 

case   in  which there  is clear  evidence  of a rise t o   t h e  m a x i m u m  hardness 

below t h e   c r a t e r  i s  in   F igure  5.20 (a ) .  It can  reasonably  be presumed 

that   the   gr inding  of   the  cross   sect ion of t h e   c r a t e r   i n   n i c k e l  formed 

112 



Met a1 

Nickel 

Nickel 

U-700 Aged 

U-700 Sol 'ned. 

Zinc 

I r o n  

Tantalum 

Aluminum 

Impact  Velocity, 
cm/sec 

VALUES OF CRATER DEPTH ANI, DIAFRTER I 
I 

i I 

i 
1 I 
I 
i 
I 

I 

I 

i 

Crater Depth, 
cm 

0.0207 

0.0910 

0,0355 

0.0369 

0.0866 

0.0556 

- 
I 

1- 

Measured Cra t e r  Dim., ; Calculated Crater D i m .  
inch cm I inch 

0.070 i 0.187 1 0.074 

0.115 f 0.359 ! 0.141 : 
I 
! 

0.098 1 0.241 i 0.095 I 
I 1 

! 

I 
I 

! 

0.094 i 1 0.245 ' 0.097 
i 

0.132 

0.112 

0.352 ! 1 0.139 

0.294 0.116 
I 

17066 I ! 0.0526 I I 0.077 i 0.287 0.113 

17406 i 0.1489 ! 0.162 I I 0.420 ' 0.165 

I I 
, > ; 

! 
I 

I ! 



E= e velocity  of  3342  cm/sec  was  not  carried  far  enough  and  that the 
fact  that  the  first  four  values  of  hardness  near  the  bottom of the 

crater  are  low  is  due  to  the  existence  of  a  thin  ledae of  metal  that 
yielded  under  the  indenter.  On  this  basis,  the  first  four  values of 

hardness  in  Fiqure 5.20 (a)  were  not  used  in  assessing the work-hardening 
behavior of nickel  at  this  velocity. 

The distance, Dm, away  from  the  crater  bottom  and  crater  side,  at 
which  the  hardness  numbers  reach  an  asymptotic  value,  can  be  used  to 
estlzate  the  extent  to  which  work-hardeninp;  occurred.  Gomparison of 

grapk !a) with  graph  (b)  for  Figures 5.20 through 5.27 produced  the 
observation  that,  for  each  of  the  metals  except  nickel, the hardeninf: 
extesds  radially  from  the  crater  uall  aDDroximately as far  as  it  extends 

fro?r!  the  bottom of the  crater, The distance  over  which t& hardeninq 

extenQS & poud&y crater  diameter  exceDt  the c A e  02 Jron, 
iron  che  distance  over  which  work-hardeninK  extends is rouhly  three 

times as large as it  is  in  the  other  metals. For nickel-the mass  ef 

work-hardened  metal  does  not h m  SDherical  svmmetry; it extends  more 
”“”- than  twice  as  far  below, the, crater as 13 extends  radially  about iA 

” 

The rate  at  which  work-hardening  occurred  and  the  intensity  or 

degree  to  which  it  took  place  are  more  difficult  to  assess;  the  effort 

to  assess  these  quantities  was  restricted  to  the  loci  of  hardness 

nunbers  plotted  against  distance  from  the  crater  bottom.  By  trial  it 
was  found  that  these  loci  are  very  well  given  by  the  equation 

-K D 
H = Ha, + (Ho - H,) e (5.2) 

which(24)  describes  the  decay of  a  variable H (such  as  hardness)  with 

(24) The applicability  of  this  equation  to  impact  hardening  was  suagested 
by Mr. Lars H. SJodahl, Ceramic  Materials  Research,  Nucletw  Systems 
Programs,  General  Electric  Company,  Evendale,  Ohio, on the  basis of 
the  observation  that  this  equation  has  been  found  to  give  a  good 
representation  of  other  processes  which  reach  asymptotic  values. 
The machine  solution  of  the  equation  that  was  used  was  constructed 
by Mr. Sjodahl. 
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Sstezce, 3, from  an  initial  value, to an asymptotic  value, HOD. 
?" _ _ & _  0 quantlty Y. is a  rate  constant  with  dimensions  of  reciprocal  inches 

HO , 

vhen the distance, D, is  measured in inches. 

A machine  solution of eq (5.1) was constructed ( 24) which  gives 

the  hardness, KO,  at the  crater  bottom, the hardness, H, at  specific 
values of the  distance, D, the s'lope of the hardness-versus-distance 
curve, dH/dD, at a  distance of 15  mils  from the crater  bottom,  the 
asymptotic  hardness, H-, the area  under the hardness-versus-depth  curve 
from  the  crater  bottom  to the depth  at  which  the  asymptotic  value of 

haraess is  reached,  and  the  rate  constant, K. The plots of calculated 

harckess agaimt distance  are  shown  in  Figures 5.20 (a) through 5.27 

(a); the  other  quantities  are  listed  in Table 5.3. 

Tne solution of eq (5.2) for  Udimet 700 presented  a  problem. 

There  are stringers of precipitated  carbides  in  this  alloy  both  in  the 

aged  and  in  the  solutioned  state;  these  carbides  are  very  hard. If 

the hardness  indenter  should  intercept  a  carbide  particle,  an  abnormal- 

ly high  hardness  value  will be obtained. This  is the reason  for  the 

large  amount of scatter  that  appears  in  the data  points  plotted  in 

Figure 5.22 (a)  and  (b)  and  in  Figure 5.23 (a) and (b) . The abnormal- 
ly high  hardness  values  reduced the slope of the calculated  hardness- 

versus-distance  curves  for  Udimet 700 with the result  that the 

asymptotic  values of hardness  that  were  obtained  from  the  solution  of 

eq (5.2) were  much  too high. 

The loci of eq (5.2) shown  in  Figures 5.22 (a)  and 5.23 (a) were 

cbtained by feeding the correct  asymptotic  value  of  hardness  for  Udimet 

7 0 0 ,  which  both  for  the  aged  and  for  the  solutioned  state  is  a  Knoop 

nwber of 375 with  use of a 100-g load,  into the machine  solution. The 

loci of eq (5.2) shown  in  these  figures  are  considered  to  be  reasonable 

becEuse the major  scatter of the  data  points  is  above  the calculated 

curve;  this  is to be expected on the basis of the  presence of hard 

carbide  particles in the alloy. 
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TARCF: 5.3 

I 

I 

Impact 
Velocity, 

Metal  cm/sec 

Nickel 

Nickel 17465 

U”7OO Aged 17153 

U-700 Sol’ned. I 17182 

Zinc 1 17328 

I 
I 

I 
I 
t 

I I Iron 1 17036 

1 Tantalum I 
i 17066 
I , Aluminum 1 17406 

I 

DATA  OBTAINED FROM THE: SOLIITION OF FKJJATION (5.2)  

I I 

I 

18.90  175.3 

8.757  237.2 

35 668.1 

35 716.3 

! 
i 

I 
! 

21.55 I 44.71 
I 

7.355 1 176.2 

33.89 I 177.7 

Slope, dII/dD 
at 0.015 in. 
(hard. no.  )/in. 

-1,429 

-1,383 

-6 ; 069 

-7 , 067 

- 200.1 

- 685.0 

-1 , 508 

10.70 53.44 - 220.2 

I 

Asymptotic Area llnder 
Hardness, H, I Hardness  Curve 

hard. no. I (hard. no.)-in. 
I 

74.85 1 5.311 

57.09 1 20.57 

I 

375 I 8.375 

37 5  9.752 

31.88 I 0.5955 
I 
I 

72.16 1 14.14 
I 

I 
I 

103.7 ; 2.184 
I 

29.27 : 2.258 
! , 



The  slope of the  hardness-versus-distance  curve  gives the  rate 

of decay of hardness  with  distance  from  the  bottom of the crater. It 

is  possible  to  convert  distance  below the  crater to time with use of 

the  group  velocity  of  the  plastic  wave,  which  may be taken to be  given 
by  [(du/dE) / p]’ where a is  stress, E is  strain,  and p is  density. 

The group  velocity of the plastic-wave can be considered to be constant 
at  an  arbitrary  value of stress [ll]. Determination of the time  rate 

of change  in  hardness  was  abandoned,  however,  because  for  two of the 
rretals  that were  selected  for  the  study  of  steel-sphere  cratering 

(iron and tantalum)  the  slope of the  stress-strain  curve  becomes  nega- 

tive  after  the  yield  point is reached  (see  Section 5.3). 

It  is  interesting to note  from Table 5.2 that  the  slope  of  the 

hardness-versus-distance  curve  is  essentially the  same  for  craters 

forned  in  nickel  at  velocities of both 3342 and 17465 cm/sec. This 

suggests  that the slope, dH/dD, is  independent of impact  velocity  and 
t.ha: it nag  be  a  function of material  properties  only. It would  have 

Seen possible to assess  the  total  integrated  hardness  that  was  produced 

around. the  craters  in  the  metals  (with  the  exception of nickel)  by  as- 

s.zzfng that the mass  of  metal  throughout  which  hardening:  occurred has  

spherical  symmetry. This, however.  was  not  done. The area  under  the 
hardness-versus-distance  curve  is  the  integrated  hardness  on  a  line 

extending  into  the  metal  from  the  center of the  crater  bottom.  This 

integrated  hardness  provides an index to the  intensity or degree to 

which  hardening  occurred. 

From the tabulated  values of the  area  under  the  hardness-versus- 
distance  curve  for  craters  produced  by  the  same  size of steel sphere 

fired  at  essentially the  same  velocity,  it  appears  that the work- 

nardenability of the  metals  due  to  impact  is in the order:  nickel > 

iron > Udimet 700 > (zinc,  tantalum,  and aluminum). Comparison of 

the  area  values  for  nickel  at two velocities  indicates  that  the  degree 

of work-hardening  produced  varies  as  the  impact  velocity  varies. 
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6. STATISTICAL ANALYSIS OF THE EXPERIMENTAL DATA 

The c ra t e r ing   da t a   t ha t   have   been   co l l ec t ed  are t h e  measured  depths 

of  craters   produced by impacts  of s teel  spheres   aga ins t   seven   d i f fe ren t  

n e t a l s  a t  s p e c i f i c   v e l o c i t i e s .  The procurement  and  preparation of t h e  

t a r g e t   s p e c i m e n s   o f   t h e   s i x  metals ( i ron ,   n i cke l ,   t an t a lum,   z inc ,  
,.uet - 700 solut ioned,   and Udimet 700 a g e d )   o r i g i n a l l y   s e l e c t e d   f o r  

t he   cx r ren t  work have  been  descr ibed  in   sect ions 3.1 and 3.2;  t h e  deter- 

c ina t ic r ,   o f   the i r   Droper t ies   has   been   d i scussed   in   sec t ions  3.3 and 

3.4. As 251 a d d i t i o n   t o   t h e   o r i g i n a l   s c o p e   o f   t h e   c u r r e n t   w o r k ,   t o  

;rovl2e a t i e - i n   w i t h   s t e e l - s p h e r e   c r a t e r i n 5   d a t a   c o l l e c t e d   e a r l i e r  [TI, 
c r a t e r i n g   d a t a  were a l so   co l lec ted   for   commerc ia l ly   pure  aluminum. A 

large aluminum t a r g e t   p l a t e ,   o f   t h e  same size  and  dimensions and 

mnealed  under   the same condi t ions  as those  used earlier [TI, w a s  

eeployed. 

For  each set of   c ra te r ing   da ta   (measured   c ra te r   depth   and  

co r re spond ing   measu red   impac t   ve loc i ty ) ,   t he   bes t - f i t   s t r a igh t   l i ne  and 

t h e  best-fi t  parabola were ca l cu la t ed   w i th   u se   o f  a computer  program . 
The computer  program  yielded  the  standard  deviation as a measure of t h e  

d ispers ion  of  t he   expe r imen ta l   po in t s   f rom  the   cu rves ,   t he   s t anda rd  

dev ia t ion   o f   t he   s lope   and   t he   s t anda rd   dev ia t ion   o f   t he   i n t e rcep t .  

P.e p rogrm,   a l so   p r in t ed   ou t   t he   va lue   o f   an   F - ra t io  ( a  measure o f  

curvz2ure) on t h e   b a s i s  of which a decis ion  could  be made as t o  whether 

8 s t r a i g h t - l i n e   f i t   o r  a parabol ic  f i t  was t h e  more appl icable .  

(21) 

The bes t - f i t   equa t ions  were ca l cu la t ed   w i th   c r a t e r   dep th  as t h e  

dependent  variable  and  impact  velocity as the   independent   var iab le .  

Ca lcu la t ing   t he   bes t - f i t   cu rve   w i th   c r a t e r   dep th  as the  dependent  

var iable   presumes  that  all t h e   e r r o r s   o f  measurement are i n   t h e  measured 

values  of c r a t e r  deDth  and t h a t  no e r r o r s   e x i s t   i n   t h e  measured  values 

of impact   veloci ty .   This ,  of course,  i s  no t   t he   ca se .  To  make  some 

c o m p e n s a t i o n   f o r   t h i s ,   t h e   c u r v e   f i t t i n g  was repeated  using  impact   veloci ty  
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as   the dependent var iab le  and crater  depth as t h e  independent  variable. 

Tine l lnear   bes t - f i t   equa t ions   tha t   resu l ted  were  averaged. The average 

best-f i t   equat ion,   obtained  in   this  way, w a s  considered t o  be the  most 

represeztative  of  the  experimental   data.  

?-do quaqt i t ies   of   theoret ical   in terest   can  be  calculated from t h e  

iLzea- Zest-fi t   equation. The genera l   equa t ion   for   th i s   s t ra ight   l ine  

l f c e  [17] is 

where V i s  impact ve loc i ty  and 6 '  i s  crater   depth.  When eq (6.1) is 

solved  for  6', the   s lope of t h e   s t r a i g h t   l i n e  i s  ( -  A/B) and the   c ra te r -  

depth  intercept,  &;, i s  ( -  C / B ) .  When eq (6 .1)  
intercept   veloci ty ,  Vi,  is (-C/A)  . Because - (  - 
the   i r . tercept   veloci ty  of the   bes t - f i t   equa t ion  

expression 

is  solved  for  V ,  the  

C l B ) / ( - A / B )  = ( -C/A)  

can  be  found  from the  

= - 6: / ( s lope  of l i n e a r  best-f i t   equat ion) .  
1 

(6.2) 

??..e experhental   value  of   the  intercept   veloci ty  as found  from  eq (6 .2)  
i s  t t e   f i r s t   a u a n t i t y  of t heo re t i ca l   i n t e re s t   t ha t  can  be  calculated 

from the  l inear   best-f i t   equat ion.  

The l inear   bes t - f i t   equa t ion   in   in te rcept  form [17] is  

V/Vi + 6'/6; = 1. (6.3) 

On transposing, 

6 ' . / 6 ;  = 1 - 

and on aul t iplying  throughout  

( v  - v i m i  

(V/Vi) = (Vi  - V ) / V i '  

I 
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from which 

On comparison  of ea_ ( 6 . 5 )  wi th   eqs   (2 .84)   and   (2 .25)   one   f inds   tha t   the  

constant  k* is given by 

k* = - b;/(Vi d) (6 .6 )  

xhere d i s   t h e   d i a m e t e r   o f   t h e  s tee l  sphere.  With use  of   eqs   (6 .2)  

ss2 16.6) 

k* = ( s l o p e  of t h e   l i n e a r  best-f i t  equat ion) /d  ( 6 . 7 )  

T" L..e ex-peri5er.ta.l va lue   o f  k* as found  from  eq (6 .7)  i s  the   second 

qi;F:,-.tity of t h e o r e t i c a l   i n t e r e s t   t h a t   c a n   b e   c a l c u l a t e d  from t h e  l i nea r  

j e s t - f i t   e q u a t i o n .  Knowing the   exper imenta l   va lue   o f   the   cons tan t  k*, 

the   experimental   value  of   the  numerical   constant  k of eq  (2.21)  can be 

calculated  with use of  eq  (2.23).   This is done in   Sec t ion  7.4. 

The r e s u l t s  ,of t h e   c u r v e - f i t t i n g   a n a l y s i s   a n d   t h e   d i s c u s s i o n  of 

t h e s e   r e s u l t s  are presented  below  organized  under t h e  l a t t i c e   p a c k i n g  

type of t h e  m e t a l s   o r ,   i n   t h e   c a s e   o f   a l l o y s ,   u n d e r   t h e   l a t t i c e  

packing  type  of t he  major   cons t i tuent .  

6.1 face-Centered-Cubic Metals and Alloys - 
'l'ke face-centered-cubic metals f o r  which   c ra te r ing  data were sub- 

J e c t e d  t o  s t a t i s t i c a l   a n a l y s i s  are: 1100-0 aluminum, e l e c t r o l y t i c  

tougi. p i t ch   coppe r ,   n i cke l  270, t h e   n i c k e l   b a s e d   a l l o y  Udimet 700 i n  

bot?   the  solut ioned  and  the  aged  condi t ion,   and  the aluminum based 

a l l o y  2024-3  aluminum.  The c ra t e r ing   da t a   ob ta ined   w i th   t h ree   sphe re  

s i z e s   f o r  ll00-0 aluminum, e lec t ro ly t ic   tough  p i tch   copper ,   and  

2024-0 aluminum were o b t a l n e d   i n  an ear l ier  s tudy L7] but  had not  been 
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s u S j e c t e d   t o   s t a t i s t i c a l   a n a l y s i s .  It w i l l  be o f   p a r t i c u l a r   i n t e r e s t   t o  

make compar ison   be tween  the   c ra te r ing   response   o f   comerc ia l ly   pure  

n icke l   and   the   n icke l   based  alloy Udimet 700 wi th   t he   c r a t e r ing   r e sponse  

of  ,commercially  pure aluminum  and t h e  aluminum based alloy 2024-0 

&&nu.  

6.1.1 Conmercidly  Pure Aluminum 

Cratering  data  for  impacts  of  0.175-inch  and  0.0938-inch  spheres 

agair?st 1100-0 aluminum were c o l l e c t e d   i n   t h e   p r e s e n t   s t u d y .   S i m i l a r  

data  for  impacts  of  0.5000-inchY  0.3125-inch,  and  0.2188-inch s teel  

spheres   against  1100-0 aluminum were c o l l e c t e d  ear l ier  [TI. The 

e x i s t i n g   c r a t e r i n g   d a t a   f o r   t h e  f ive sphere  diameters are l i s t e d   i n  

Table 6.1. It i s  noteworthy  that   the   largest   sphere  diameter   for   which 

c r a t e r i n g   d a t a   e x i s t s  is roughly   f ive  times t h e  smallest sphere 

E m e t e r .   R e s u l t s  of s t a t i s t i c a l   a n a l y s i s   o f   t h e s e   d a t a  are presented 

ir: Table  6.2. Results for   the  0 .5000-inch-diameter   spheres   are  

d iscussed   in   de ta i l   be low as a sample   ca lcu la t ion .  

The calculated  curves  for  the  0.5000-inch  spheres  found  from  the 

computer  program  with c r a t e r   d e p t h ,  6 '  , as dependent   var iable  and 

impact   veloci ty ,  V ,  as independent   var iable  are as fol lows 

l i n e a r  : 6 '  = 0.287915 X 10 V - 0.0466872, 

parabol ic  : 6 ' = 5.39717 x 10-l' V2 + 1.12024 x V + 0.0853665. 

For   the   12   ava i lab le   da ta   po in ts   and  3 degrees  of  freedom,  the  v'alue of 

4.285  found f o r   t h e   F - r a t i o   i n d i c a t e d   t h a t   c u r v a t u r e  w a s  b a r e l y  

s ign i f i can t .   See  Appendix A. This   f i nd ing   e l imina ted   fu r the r  con- 

s i d e r a t i o n   o f   t h e   p a r a b o l i c  best-fi t  curve.  

-4 

':onsidering t h e   l i n e a r  best-fit equa t ion ,   t he   s t anda rd   dev ia t ion  

of t h e   s l o p e  w a s  found t o   b e  0.0132893 x 10 sec.   Using  twice  the -4 
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CL 
N 
N 

~- 

3.5000-inch-dim. 
S t e e l  SI 

Yeloc i t y  , 
cm/sec 

x l o 4  
0.887 
1.055 
1.295 
1.558 
1.609 

1.807 
2.009 
2.082 
2.121 
2.128 
2.414 

1.759 

eres  

Crater 
Depth, 
cm 

0.2235 
0.2723 
0.3294 
0.3746 

0.4483 
0.4658 

0 3917 

0.5263 
0 5565 

0.6556 

0.6083 
0.5542 

'rable 6.1 
Crater in6 Data fo r  Annealed  Commercially  Pure A L u m i r n l m  

~~ 

I. 3125-inch-diam. l- 
S t e e l  S 

le loc i ty  , 
cmlsec 

4 
x 10  

0.7163 

1.265 

1.506 

1.661 

0.9723 

1.414 
1.490 

1.530 
1.646 

1.783 

1.862 
1.789 

1.993 
2.137 
2.423 

leres 

Crater 
Depth , 

cm 

0.1102 
0.1460 
0.1920 
0.2121 
0.2245 
0.2344 
0.2342 
0.2530 
0.2558 
0.2758 
0.2751 

0.3172 
0.2967 

0.3406 
0.3780 

0.2188-inch-dim. 
" 

S t e e l  E 

Velocity! 
cmlsec 

4 x 10 

0.9784 

1.049 
1 . 4 1 1  
1.457 
1.704 

2.140 
2.146 

1.018 

1.871 

2.576 
2.865 
3.103 

neres 

Crater 
Depth, 
cm 

0.0998 

0.1072 

0.1798 
0.1986 
0.2231 
0.2334 
0.2906 
0.3442 
0.3726 

0.1041 

.O. 1481 
0.1514 

"- 
0.175-inch-dim., 
s t e e l  SE 

Velocity,  
cmlsec 

x l o 4  
0.1320 
0.1693 
0.2508 

0.3677 
0.3171 

0.4271 
0.6374 
0.7398 

1.034 
0.7760 

1.218 
1.139 

1.224 
1.384 

1.774 
I. 74 i  

?res - 
Crater  
Depth , 
cm 
"" 

0.0084 
0.0107 
0.0223 
0.0293 
0.0327 
0.0271 
0.0558 
0.0636 
0.0659 
0.0888 
0.0974 
0.1034 
0.1028 
0.1182 

" 

0,0938-inch-diam. 
i - S t e e l  S 

Velocity,  
cmlsec 

x l o 4  
0.7848 

1.545 
1.275 

2.005 
2 039 
2.310 
2 377 
2.422 
2.530 
2.829 

leres 

Crater 
, Depth , 
cm 

0.0348 
0.0554 
0.0654 
0.0898- 
0.0934 
0.1059 
0 ..lo79 

0.1145 
0.1310 

0.1088 
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Tnblc 6 . 2  

Results of : ; t a t i s t ica l   Analys is  of t he   Cra t e r inc  Data Obtaincd Tor Commercially h r e  Aluminum 

SECTION A. Linear  Best-Fit Kquation for   Cra tc r  Depth as a Function of Impnct Velocity 
", ""- ""._ " 

SPHERE 
DIAM. , 
inch 

0.5000 

0.3125 

0.2188 

0.175 

SLOPE  OF LINE, 10- sec 
4 CRATER-DEPTH  INTERCEPT, cm 

Value 958 Confidence  Value 95% Confidence 
Found Found Range 

"" 

-0.09409 t o  0.0007202 

-0.02084 t o  -0.003017 

0.1271 

0.08753  .0.08474 t o  0.09031 I -0.002219  -0.004960 t o  0.000523 

-0.04496 t o  -0.01817 0.1204 t o  0.1339 1 -0.03156 

SECTION B. 

SPHERE 
DIM. , 
inch 

0.5000 

0.3125 

"A 

0.2188 

0.175 

0.0938 

Average  Linear  Best-Fit  Equation 

SLOPE OF LINE, CRATER-DEPTH  INTERCEPT, T 
sec  cm 

0.290982 x 10- 
0.162540 x 
0.127593 x 10- 

-0.0123902 
4 

0.0876822 x 10- -0.00234788 

0.0473616 x -0.00458994 

4 -0.0519838 

-0.0323956 
4 

1 
"- 7"- --- 

"" 

Value 
Found 

1622 

735.1 

2483 

253.5 

941 

Ranqe 

1 .546  209.4 t o  1261 

4.285 119.5 t o  3124 
RATIO 

1551 t o  3414 53.710 

-52.95 t o  559.9 0.071 

171.6 t o  1710 3.210 1 
3TD. 
DFY. 

0.0205 

0.0043 

0.0081 

0.0029 

0.0017 

.""l 

NUM3EI 
OF 

POT NT! 
12 

15 
12 

16 
10 - 

VELOCITY  INTERCEPT, Constant, k*, i 
i 

cm/sec seclcm 

0.1786 X l o 4  0.2291 x 

0.07623 x 10 

0.2539 x 10  
4 
4 
4 

4 0.2048 x 10- 4 

0.2296 x 10- 
4 

0.1973 x l o m 4  
0.1988 x 10- 4 

0.0268 X 10 

0.0969 x 10 



vz lue   o f   t he   s t anda rd   dev ia t ion   fo r  95 percent  confidence,  it was found 

tha t   t he   s lope   cou ld   have  a value  from  0.261336 x t o  0.314494 x 

sec.  me s tandard   devia t ion  of t h e   c r a t e r - d e p t h   i n t e r c e p t ,  6;' 
was found t o   b e  2 0.0237037 cm. Using  twice  the value of t h e   s t a n d a r d  

d e v i a t i o n   f o r  95 percent   confidence,  it w a s  found   t ha t   t he   c r a t e r -dep th  

intercept   could  have a value  from  -0.0940946 t o  0.0007202 cm. 

It i s  fioteworthy  that  one limit of the  95-percent-confidence  range 

f o r  t h e  c r a t e r   d e p t h   i n t e r c e p t ,  6;' i s  p o s i t i v e   i n   s i g n   w i t h   t h e  

consequence   tha t   the   cor responding   va lue   o f   the   ve loc i ty   in te rcept  

c a l c u l a t e d  from  eq ( 6 . 2 )  w i l l  b e   nega t ive   i n   s ign .  From t h i s  circum- 

stance, it appea r s   t ha t ,  when t h e   v e l o c i t y   i n t e r c e p t  i s  small, 

icaccurac ies   in   the   co l lec t ion   of   the   exper imenta l   da ta   can   produce  

e s t endud   dev ia t ion   o f   t he   c r a t e r -dep th   i n t e rcep t   l a rge  enough t o  

5 r ing   nege t ive   va lues   o f   t he   i n t e rcep t   ve loc i ty   w i th in   t he   r ange  of 

35 pzrceot  confidence.  Eowever, a negat ive  value of t h e   v e l o c i t y  

i r . tercept  h a s  no phys ica l   s ign i f i cance .  It would imply   tha t  a c r a t e r  

cf ZeasLrable  depth  forms a t  zero  impact   veloci ty  as was pointed  out  

In Sect ion 4.3. 

The S e s t - f i t   s t r a i g h t   l i n e   f o u n d   w i t h   c r a t e r   d e p t h  as t h e  

izdependent   var iable  and  impact  velocity as the   dependent   var iab le  i s  

6 '  = 0.294048 x V - 0.0572803. 

The average of t h i s   e q u a t i o n   w i t h   t h e  best-fi t  l inear   equa t ion   found 

wi th   c ra te r   depth  as the  dependent   var iable   and  impact   veloci ty  as t h e  

icdependent   var iable  i s  

6 '  = 0.290982 x V - 0.0519838. (6.8) 

- =quation (6 .8)  i s  cons ide red   t o   be   t he  most r e p r e s e n t a t i v e   b e s t - f i t  

e q u a t i o n   f o r   t h i s  set  of data. Using  eq (6 .8 ) ,  the   va lue   o f   the  

constant k*, found  with  use of eq (6 .7)  i s  0.2291 x 1 0  sec/cm  and t h e  

v a l u e   o f   t h e   i n t e r c e p t   v e l o c i t y ,  Vi found  from eq ( 6 . 2 )  , is  0.1786 X 

10 cm/sec. 

-4 
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For each  sphere s i z e ,  with  the  except ion  of   the 0.2188-inch spheres,  

the   P- ra t io   ind ica ted   tha t   the   da ta  were f i t  b e t t e r  by a s t r a i g h t   l i n e  

tnar. by a parabola. I t  can be  seen from Section A of Table 6.2 t h a t  

for  every  sphere  size  the  95-percent-confidence  range  for  the  slope is 

srrjall i n  comparison  with the   va lue  o l  t h e   s l o p e   i t s e l f ;   t h i s  means 

the t   the   s lope  i s  known with an acceptable  degree  of  certainty. It can 

also Se seen t h a t  f'or every  sphere s i z e  t he  95-percent  confidence  range 

both for   the   c ra te r -depth   in te rcept  and fo r   t he   ve loc i ty   i n t e rcep t  is  

l z rqe   i n  comparison  with the  values  of t h e s e   i n t e r c e p t s ;   t h i s  means 

t kz t  t'ne crater-depth  intercept  and the   ve loc i ty   i n t e rcep t   a r e  known 

vtt?. ccly a very low degree  of  certainty.  

I n  Section 3 of  Table 6.2, the  s lope,   crater-depth  intercept ,  

e loc i ty   in te rcept ,  and the  constant k* found  from the  average  best-fi t  

equation  are  given.  "he  values of these   quant i t ies  as given i n  

Section S axe  considered t o   b e   t h e  most representa t ive   for   the   respec t ive  

sphere  sizes.  By inspection  of  the  values  of  the  velocity  intercept and 

of t h e  constant k* it can  be  seen tha t   t hese   quan t i t i e s   a r e  not  functions 

of the  sphere  size  because  there i s  no t r end   i n   t he   va lues  of these  

quant i t ies  w i t h  sphere  size.  Consequently, it i s  t o  be expected  that 

there  is  a value  for each  of   these  quant i t ies   that  i s  cha rac t e r i s t i c  of 

steel-sphere  impacts  against 1100-0 aluminum. 

73e average  of   the  f ive  entr ies   for  each  of these  quant i t ies   should 

Frovide  the most representative  value.  However, inspection of t h e  

s t z t i s t i c a i  measures shows that  the  experimental   data  are  not  of 

uniforn  qual i ty .  The value  of  the  standard  deviation, which measures 

the  dispers ion of the   po in ts  around t h e   b e s t - f i t   s t r a i g h t   l i n e ,  is  

Eore than 10 times l a r g e r   f o r   t h e  0.5000-inch  spheres  than  for  the 

0.0938-inch  spheres  and  nearly 5 t imes   l a rger   for   the  0.2188-inch 

spheres  than  for  the 0.0938-inch spheres.  Furthermore,  the  F-ratio, 

which is a measure  of  whether or not   there  is s igni f icant   curva ture ,  
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is  so high f o r  t h e  0.2188-inch  spheres.   that   curvature i s  h i g h l y   s i g n i f i -  

cant.  Because it i s  unreasonable t o  suppose   t ha t   t he   c r a t e r ing   cu rve  

f o r  one   sphere   s ize  i s  p r & o l i c  i f  the  corresponding  curves   for   impacts  

of fou r   o the r   s i ze s   o f   sphe res   aga ins t   t he  same metal are unquestionably 

s t r a igh t   l i nes ,   t he   h igh ly   s ign i f i can t   cu rva tu re   found   fo r   t he  

0.2188-inch  spheres  appears t o   b e   t h e  resu l t  o f   i naccurac i e s   i n   da t a  

c o l l e c t i o n .  

3 e s e   o b s e r v a t i o n s  are v e r y   l i k e l y  related t o   t h e   f a c t   t h a t   t h e  

constant k* is  0.23 x l f4  sec/cm f o r   t h e  0.5000-inch  and f o r   t h e  

S.21%-inch  s?heres  whereas  the  value  of  this  constant i s  about  0.20 x 

sec / cm  fo r   t he   o the r   t h ree   s i ze s   o f   sphe res .   Th i s  is  a 1 5  percent  

d i f f e r e n c e .   S i m i l a r l y ,   t h e   i n t e r c e p t   v e l o c i t y  is  s u b s t a n t i a l l y   h i g h e r  

for   the  0 .5000-inch  and  0 .2188-inch  spheres   than  for   the  other   three 

s i z e s  of spheres.  The 95-percent-confidence  range  for   the  intercept  

veloci ty   of   the   0 .2188-inch  spheres  l i e s  completely  above  the 

corresponding  range  for  the  0.3125-inch  and  0.175-inch  spheres  and 

alrost   completely  above  the  corresponding  range  for  the  0.0938-inch 

s?lheres. 

Fie f a c t   t h a t   t h e   v a l u e  of the   cons t an t  k* obtained  for  0.2188-inch 

ar.2 that   obtained  for  0.5000-inch  spheres , which are in   c lose  agreement  

zzl0r.g t h e m e l v e s ,  axe about 1 5  percent   h igher   than   the   va lues   o f   the  

ccnstant  k* obtained  for  0.0938-inch , 0.175-inch , and  0.3125-inch  spheres , 
which Ere also in   c lose  agreement  among themselves,  i s  d i s t u r b i n g .  The 

data  for  the  0.3125-inchY  0.2188-inchY  and  0.5000-inch  spheres were 

c o l l e c t e d   i n   t h e  same l a b o r a t o r y ,   w i t h   u s e   o f   t h e  same veloc i ty-  

neesuring  technique,  and  with  use  of 1100-0 aluminum t a r g e t   p l a t e s   t h a t  

had  been  cut from a s i n g l e   l a r g e   p l a t e   a n d   t h a t   h a d  been annealed  under 

t h e  same condi t ions.  
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Sec0r.d Analys is   o f   the  Data f o r  1100-0 Aluminum 

It  apgeaxed t h a t   s c a t t e r   i n   t h e   d a t a   p o i n t s   m i g h t   b e   r e s p o n s i b l e  

for   the   l ack   o f   agreement   be tween  the   va lues   o f   the   in te rcept   ve loc i ty  

and t he   va lues   o f   t he   cons t an t  k* i n  Table 6.2. To i n v e s t i g a t e   t h i s  

~wssLk i i l i t y ,   da t a   po in t s   fo r   each   sphe re  s i z e  t h a t  showed a wide  degree 

of s c a t t e r  were el iminated and t h e   c u r v e - f i t t i n g   p r o c e s s  was repeated.  

The aata p o i n t s   t h a t  were d e l e t e d  are marked wi th   c rosses   in   F igure  6.1. 
T h e  r e s u l t s   o f   t h e   s e c o n d   c u r v e   f i t t i n g  are given  in  Tabie  6.3.  The 

bes t - f i t   cu rves  are p lo t ted   wi th   the   exper imenta l   da ta   in   F igure  6.1. 

Prom Table  6.3 it can   be   s een   t ha t   t he   va lues   o f   t he   s t anda rd  

2eviation  for  the  0.5000-inch,  0.3125-inch,  and  0.2188-inch  spheres are 

strorigl:?  reduced  from  what  they were in   Table   6 .2 ;   they  compare 

fzvora-Lkr  with the   va lues  of s tandard   devia t ion   repor ted  for 0.175-irlch 

aCi 2.0938"inch  spheres  in  Table  6.2.  This is  a measure of the  reduc-  

t l o n   i n   s c a t t e r   t h a t  w a s  accomplished  by  dropping  the  data  points 

zarlred  vit:?  crosses  in  Figure 6.1. 

'%e r e a u c t i o n   i n   s c a t t e r  k-as accompanied.by improvement i n  t h e  

general   agreement  of  the  data.  The anomalous F- ra t io   repor ted   for   the  

0.2188-inch  spheres  in  Table  6.2  has a va lue   in   Table   6 .3  which  compares 

favorably  with  those of t h e   o t h e r   s p h e r e   s i z e s  and i n d i c a t e s   t h a t   t h e  

data f o r   t h e  0.2188-inch  spheres are f i t  by a s t r a i g h t   l i n e .  The values  

of t he   cons t an t  k* f o r  0.5000-inch  and  0.2188-inch  spheres  which are 

h i s h e r  than t hose   found   fo r   t he   o the r   sphe re   s i ze s   i n   Tab le   6 .2 ,  are 

seen t o  compare favorably   wi th   those   o f   the   o ther   sphere   s izes   in  

"able 6.3. 

?:?e values   of   the   intercept   veloci ty   for   0 .5000-inch  and  0 .2188-inch 

upkeres7 which were excess ive ly   h igh   in   Table   6 .2 ,  compare favorably 

k-it?. those   o f   the   o ther   sphere  s i zes  i n   T a b l e  6.3. The average  value 

of t h e   i n t e r c e p t   v e l o c i t y   f o r   t h e   t h r e e   l a r g e s t   s p h e r e   s i z e s  
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Table 6 .3  
R e s u l t s  of Second S t a t i s t i c a l   A n a l y s i s  of the   Crn ter inE  Duta   Obta ined   for   CommercIn l ly   Pure  Aluminunl 

SECTION A .  L i n e a r   U e s t - F i t  Equ~~t.o_n f o r  Crater Depth A s  a F u n c t i o n  of Impact  Velocity- - -. - ._ "_ - -. . 
IF'HERE 1 , 
DIM. , Value 95% Confidence F- 1 STD. 1 OF 1 95% Confidence Value 1 Value 1 95% Conf idence  

SLOPE OF LINE, 10-4 s e c  VELOCITY INTERCEPT, CRATER-DEPTH INTERCEPT, cm cm 
NUMBER 

i n c h  

3116.7 I -0.02030 t o  0.002070 -0.009114 0.2557 t o  0.2701 0.2629  0.5000 

Found Ranp,e Found Rang,e Found 
- 

0.3125 441.2 -0.01282 t o  -0.001124 -0.006971 0.1543 t o  0.1617 0.1580 

0.2188 

112.2  -0.00285 to 0.000905 -0.000973 O . O R M ~  to 0.08856 0.08670 0.175 

988.4 -0.01458 t o  -0.007686 -0.01113 0.1105 t o  0.1148 0.1126 

+ 775.1 -0.00761 t o  0.000359 -0.003625 0.04478 t o  0.04876 0.04677 0,.0938, Is 
(D 

SECTION B. Average   L inea r   Bes t -F i t   Equa t ion  

Ranp,e P I 0  I DEV. j POINTS ] 
I 

SPHERE 

sec/cm cm/sec cm s e c  i n c h  
DIAM. 

Cons tan t  k* , VELOCITY INTERCEPT, CRATER-DEPTH INTERCEPT, SLOPE OF LINE, 

0.5000 0.263024 x -0.00926133 0.0352110 x l o 4  0.207106 X 

0.3125 

0.0992732 x 10 , j  0.202763 x -0.0111867 io. 2188 0.112686 x 10- 

0.0451437 x 10 1 0.199184 x -0.00713731 0.158102 x 10- 4 
4 

I 

io. 175 i 0.0867682 x 10- 0.0118514 x 10 -0.001028324 
4 

4 

4 
! 0.195204 x lo-)' 

10.0938 j 0.0468412 x 10- 0.0804266 x 10 1 0.196604 x -0.00376728 
! 



( e a r l i e r  data [7 J ) in  Table  6.3 is  599 cm/sec and the difference between 

the  largest and the  smallest value is 641 cm/sec.. S imi la r ly ,  t h e  

average  value  of  the  intercept  velocity  for  the two smallest sphere 

s izes   (cur ren t  data) i n  Table.  6.3 is 461 cm/sec and  the  difference 

between these values i s  686 cm/sec. 

The. closeness  of t h e  average  values and of t h e  differences between 

l a rges t  and smallest value  indicates  t h a t  the two s e t s  of data, which 

i lere  collected a t  d i f f e ren t  times and  under different   c i rcumstances,  

a r e  of  comparable qual i ty .  However, t he   d i f f e rence  between the   l a rges t  
a& szhi les t   va lue  sor each  of t h e  two s e t s  of data is la rger   than   the  

zverage  value. This indica tes   tha t   the   average   va lue  i s  of  doubtful 

r e l i a j i l i t y .  

The experimental   error is  certainly  reduced by taking  the  average 

of the  values found. However, for   four   o f  the sphere  s izes ,   crater ing 

da ta  were col lected  only a t  ve loc i t i e s  above 7000 cm/sec.  See 

Table 6.1. The in te rcept   ve loc i t ies   ob ta ined  from these   fou r   s e t s .o f  

data were found  by extrapolating  over a subs tan t ia l   ve loc i ty   range .  

This large extrapolat ion may be   con t r ibu t ing   t o  the  d i s p a r i t y   i n   t h e  

values  of  intercept  velocity  found  for  these  four  sphere  sizes.  Only 

f o r  0.175-inch  spheres  were  cratering  data  collected  below 7000 cm/sec, 

and, f o r  t h i s  sphere s i z e ,  nearly h a l f  o f  t h e  data   points  were  obtained 

i n  this lov velocity  range. 

%e in te rcept   ve loc i ty  found wi th  use  of  0.175-inch  spheres is 

119 cm/sec.. Very l i t t l e   e x t r a p o l a t i o n  is  involved in   ob ta in ing   t h i s  

value  of   the  intercept   veloci ty  as can be seen from Figure 6.1. From 

th is   s tandpoin t ,  it appears   to  be more rel iable   than  the  average  value 

of  intercept  velocity  based on high-velocity  impacts. It is  noteworthy 

t h a t  the value of t he  ve loc i ty   in te rcept   for  t h e  1 5  data po in t s   fo r  

0.175-inch spheres  in  Table 6.3 B is less than  half  t h e  value  of   the 

ve loc i ty   in te rcept   for  16  data poin ts   for  0.175-inch spheres   in  
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Table 6.2 B. T h i s .  shows tha t   one   da ta   po in t ,   which  i s  s u b s t a n t i a l l y  

ou t   o f   l i ne   w i th   t he   o the r s ,   c an   change   t he   va lue   o f   t he   i n t e rcep t  

ve loc i ty   by  a f a c t o r   o f  two when t h e   i n t e r c e p t   v e l o c i t y  is small i n  
s i z e .  

Search   for  a Change i n  Slope 
" 

Inspec t ion  of t h e   d a t a   p o i n t s   f o r  0.175-inch  spheres  in  Figure 6.1 
sugqests   t inat   the  five p o i n t s  at the   lowes t   ve loc i t ies   might  con- 

ceivz'cl;l  be f i t  by a l i n e   w i t h  a s t eepe r   s lope .   t han   t ha t  which  would 

f i t  the   remain ing   da ta   po in ts .  If t h i s  were found t o  be t h e  case ,  it 

would be i n  agreement  with  the  observation (see Sec t ion  5 .4 )  t h a t  

11CO-0 aluminum does  work-harden t o  a very small ex ten t   and   tha t  it 

may, consequently, become more r e s i s t a n t  t o  c ra te r   format ion  as impact 

v e l o c i t y  is  increased.  

To tes t  t h i s   p o s s i b i l i t y ,   b e s t - f i t   s t r a i g h t   l i n e s  were ca lcu la ted  

fo r   t he   da t a   po in t s   be low 4000 cm/sec  and fo r   t he   da t a   po in t s   above  

LOO0 crnjsec; t h e   d a t a   p o i n t  marked with a c r o s s   i n   F i g u r e  6 . 1  was not 

used. The s lopes   and   in te rcepts   o f  t h e  De&-fit l i n e s   t h a t  were 

c'ctelneci are given  in   Table  6.4. The values of   t he   F - r a t io s   i n  

TE5le 6 . b  A i n d i c a t e   t h a t   t h e   f i v e   d a t a   p o i n t s   b e l o w  4000 cm/sec and 

all 1 5  da ta   po in t s  are b e s t  f i t  by s t r a i g h t   l i n e s :   t h e   F - r a t i o  

f o r   t h e  10 points  above 4000 cm/sec i n d i c a t e s   s i g n i f i c a n t   c u r v a t u r e .  

The tabula ted   va lues  of t h e   s t a n d a r d   d e v i a t i o n   i n d i c a t e   t h a t   t h e  

s c a t t e r   o f   t h e   p o i n t s   a b o u t   t h e   l i n e s  is  low. 

Comparison of t h e   v a l u e s  of s lope ,   c r a t e r -dep th   i n t e rcep t ,   ve loc i ty  

in te rcept ,   and   cons tan t  k* for the   g roup  of 10 data   points   above 

4000 em/sec wi th   t he   va lues   ob ta ined   fo r  a l l  1 5  d a t a   p o i n t s  (see 

Table 6.4 B) shows t h a t   t h e y  are c l o s e l y  similar. Th i s   sugges t s   t ha t  

t h e   a d d i t i o n   o r   s u b t r a c t i o n  of the   po in ts   be low 4000 cm/sec 1s of l i t t l e  
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T n h l o  6 .h  

R e s u l t s   o f   S t a t i s t i c a l  A n a l y s i s  of  the  Data  0btal.ncd for IntprlcLs of 0.175-inch Sptwrc:; Av,ftln::t 1100-0 A1urnir1111t1  

SECTION A. Linear nest-Fi t   Equat ion  for   Crater  Depth As n Function o_f Impact  Velocity 

DATA 
POINTS 
CONSIDERED 

5 below 
4000 cm/sec 

10 above 
4000 cm/sec 

All 1 5  
d a t a   p o i n t s  

T 
"" 

1 
" 

"" 

SLOPE 
Value 
Found 

0.1096 

0.08675 

0.06670 

F LINE, s ec  1 CRATER 
95% Confidence  Value 

Range Found 

0.0952 t o  0.1240 -0.006432 

0.08401 t o  0.08949 -0.001127 

0.08485 t o  0.08856 -0,000973 

~ I I  INTERCEPT, cm ~ V E L O C I T Y  INTERCEPT, cm/sccl 
9 5 %  Confidence  VnlueT 95% Confidence F- 

Range 1 Found 1 R;Ee PATIO 
-" 

-0.002649 t o  -0.01021 

-102.4 t o  326.7 112 -0.002851 t o  +0.000905 

130  -253.2 t o  513.1 -0.004485 t o  +0.00223 

587 313.1 t o  860.5 

1- 

0.0014 

0.0019 

SECTION B. Average  Linear  Best-Fit  Equation 

r 

DATA POINTS 
CONSIDERED seclcm  cm/sec cm s ec 

SLOPE  OF LINE, CONSTANT, k' VELOCITY INTERCEPT, CRATER-DEPTH  INTERCEPT, 

5 below 
4000 cm/sec 0.110320 x 10- 

10 above 
4000 cm/sec I 0.0868344 x 

4 

'All 1 5  i 
da ta   po in t s  1 0.0867682 x 10- 4 

I 

-0.00660764 

.os  00122861 0.0141489 x 1 0  0.195353 x 
I 

.Os  001028324 

L f I Y -I 1 



consequence  and  implies tha t   these   po in ts   should   no t  be t rea ted   separa te ly .  

'Ze   ve loc i ty   in te rcept   o f  599 cm/sec f o r   t h e   f i v e   p o i n t s  below 4000 

c d s e c  is close  to   the  average  value  of  618 cm/sec  which was found when 

a l l  points  of  both  0.175-inch  and  0.0938-inch  spheres were considered 

(see Table 6.21, but   the  constant  k* found fo r   t he   f i ve   po in t s  below 

4000 cmlsec is  out of  agreement  with the   va lues  found when all  points  

of both  sphere  s izes  were considered.  In view  of the  observat ions  that  

have  Seen made, it appears t o   b e  more l i ke ly   t ha t   t he   po in t s  below 

L33O cm/sec do not  comprise a separate  group. 

Analysis  of  Liquid-DroE  Cratering Data 

Sone mercury-drop cra te r ing   da ta   ex is t   for  1100-0 aluminup [6] and 

these  data do provide a check on the  use  of  eq (7.3) (see  Sect ion 7.5) 
to   ca lcu la te   l iqu id-drop   dent ing   ve loc i t ies .  These  mercury-drop cra te r ing  

data fo r  1100-0 aluminum were f i t t ed   wi th   s t ra ight   l ines   wi th   use   o f  

t he  computer  program(21). The results of   the   ana lys i s   a re   g iven   in  

Table  6.5. The tabulated  values  of  standard  deviation are reasonably 

low Y i t h  the  exception of t h e  va lue   for  O.15-cm mercury  drops which i s  

notably  higher t h a n  the  other   values .  The values  obtained  for  F-ratio 

ir. conJunction  with t h e  number of data poin ts   ind ica te  t h a t  t h e  data 

a r e  best f i t   x i t h   s t r a i g h t   l i n e s .  

Consideration  of t h e  width  of t h e  95 percent  confidence  range of 

the  s lopes of t h e   l i n e s  i n  comparison w i t h  the  values  found indica tes  

t ha t   t he   s lopes  of t h e   l i n e s  are reasonably  well known. Consideration 

of the width of t he  95 percent   confidence  range  of   the  veloci ty   inter-  

cepts   in  comparison  with the  values   found  indicates   that  the  ve loc i ty  

in t e rcep t s   a r e  known with somewhat less cer ta in ty   than   the   s lopes .  

Consideration  of  the  width  of t h e  95 percent  confidence  range of 

t he  ve1ocit.J in te rcepts  in Tables  6.2 , 6.3 , 6.4, and 6.5 i n  comparison 

v i th   t he   va lues  found shows tha t  the   ve loc i ty   in te rcepts   for   the  
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Table 6.5 

Resul ts   of   Analysis   of  Mercury-Drop Cra te r ing  Data f o r  1100-0 Aluminum 

SECTION A. Linear  Best-Fit   Equation  for Crater Depth As a Function of  Impact  Velocity 

1 I I cm I I I 

DIM. j Value OF POINTS RATIO 1 DEVIATION 95% Confidence 95% Confidence I Value Value 95% Confidence 
cm Found Range Found Range Found Range I 

I I 

OS1 I 0.02529 0.02406 to 0.02653 ; -0.03360 0.0142  0.005999 11704 t o  114860 -0.03893 t o  -0.02826'  13282 

4.3890  0.008865 I 8 7009 t o  10433 -0.07038 t o  -0.03636  8721  0.05269 t o  0.06970 i -0.05337 0.285 I 0.06120 

21 0.0172 1 0.014318 9983 t o  14659 -0.06621 t o  -0.0399lj  12321  0.04008 t o  0.04605 j -0.05306 0.15 ! 0.04306 

21 I 
I I I 

I i 
I 

SECTION B. Averqe  Linear  Best-Fit   Equation 

! I I I 
DROP  SLOPE  OF LINE, 

cm sec  

CRATER-DEPTH  INTERCEPT, 

cm 

VELOCITY  INTERCEPT, 

cmlsec 

CONSTANT, k* 

seclcm 



mercury-drop cra te r ing  data a r e  known with  considerably more cer ta in ty  

than  the  veloci ty   intercepts  for the   s teel-sphere  crater ing data. On 

the   bas i s   o f   the   re la t ive ly  small amount of  experimental  data  available, 

t h e  i-eason f o r   t h i s   a p p e a r s   t o  be tha t   t he   ve loc i ty   i n t e rcep t s  of t h e  

mercury-drop cra te r ing   da ta   a re   l a rge  numbers and that   the   lowest  

ve loc i t i e s  at which da ta  were co l lec ted  are reasonably  c lose  to   the 

value of t he   i n t e rcep t   ve loc i ty .  The  amount of  extrapolation  involved 

i s ,  consequently, less for   the   l iqu id-drop   c ra te r ing  data. 

It can  be  seen from Table 6.5 B t ha t   t he re  is  a t rend i n  the  values 

of ve loc i ty   in te rcept  as drop  diameter  increases. However, the   t rend  

i s  in   the   reverse   d i rec t lon  from t h a t  found in   l iquid-drop  crater ing 

d a t a  f o r  copper (see  Table  6.10) and th i s   sugges t s   t ha t   t he   t r end  i s  

without  real   significance.  However, the  observation  should  be checked 

f b t h e r .  

6.1.2  Xickel 270 
" 

Tke cra te r ing  data obtained  for   nickel  25'0 with  use  of  0.175-inch 

ard 1).053!%inch spheres   a re   l i s ted   in   Table  6.6. The spec ia l  circum- 

s tances   tha t  were employed in   the   d iagnos t ic   f i r ings   ( see   Sec t ion  4 . 4 )  
made ; l i th 0.175-inch  spheres  against  specimens  of  nickel 270 a re   a l so  

recorded  in  this table. It is  noteworthy tha t ,  although  the data 

accumulate6  with  use  of  these  special  circumst.ances f a l l  on a curve 

w i t h  the   o ther  data points  for nickel   (see  Figure 4.31, some instances 

of a lower  depth a t  a higher  velocity  (velocity-depth  inversions) 

appear when these   da ta   a re   en te red   in to   the   to ta l   compi la t ion   o f  

c ra te r ing  data for   n icke l  270. Some of  these  inversions may be 

s igni f icant .  

In par t i cu la r ,   t he  0.17-inch-thick  specimen t h a t  w a s  s t ruck  at a 

peneulun  velocity of 3251 cm/sec developed a c r a t e r  which i s  0.001 cm 

deeper  than  the  crater  developed  in  the  standard  0.5-inch-thick 
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Table 6.6 

Cratering  Data  for  Nickel 270 

Measured Corrected Crater 
Velocity, Velocity, Depth, Special  Circumstances 

829.7 
1274 
1410 

2399 
297 5 
3127 
3 51 
3?65 
L 4 L l  

6523 
6579 
7499 
E989 
9373 
11080 

11210 

11600 
11620 
13031 
15170 
15190 
152LO 
15290 
15L80 

15560 
16565 
18020 

18040 
18360 
19589 
21710 

726.381 
1159. 
1291.43 
2254.42 
2815.28 
3251.5 
3342.06 
3779.25 
4242.74 
6270. 
6324.53 
7219.37 
a671.17 
9045.08 
10707.2 
10833.8 
11213.5 
11233. 
12606.9 
14689.7 
14709.1 
14757.8 
14806.5 
14991.5 
15069.4 
16048. 
17464.7 
17484.2 
17795.8 
18992.5 
21057.7 

0.0064 
0.0084 
0.0094 
0.0138 
0.0186 
0.0217 
0.0207 
0.0229 
0.0256 
0.0376 
0.0365 
0.0416 
0.0473 
0.0510 
0.0582 

0.0608 
0.0609 
0.0672 
0.0781 
0.0776 
0.0782 

0.0776 
0.0796 

0.0580 

0.0784 

0.0842 
0.0910 
0.0902 
0.0928 
0.0986 
0.105 

Very  low  velocity  produces  very 
shallow  crater  and  taxes  depth 
measurement  techniques  employed 

Specimen  backed  by  rigidly  gripped  pipe 
Specimen  about 0.17 in.  thick 

Specimen  about 0.17 in.  thick 

Specimen  backed  by  rigidly  Rripped  pipe 

Impact  specimen  soldered  in  steel  block 

Smooth-bore  Run;  specimen 1 in.  thick 
Smooth-bore  gun  employed 

Specimen  backed  by  rigidly  gripped  pipa? 

Square  specimen 0.794 in.  by 0.794 in. 
Pipe  support  with  side  shims 
Square  specimen 0.663 in.  by 0.674 in. 

Smooth-bore  gun  employed 

Smooth-bore  gun  employed 
Impact  specimen  soldered  in  steel  block 
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Table 6.6 (cont . )  

Cra te r ing  Data fo r   N icke l  270 

s'easured  Corrected Crater 
Velocity,  Velocity,  Depth,  Special  Circumstances 

-------------------Sphere . " . . ~ ~ Diameter -~ 0,4445 cm (0.175 in.)------------------ 

22645  21968.2 0.1125 
24460 23735.4 0.120 

26667 25884.4 0.131 
27484 26679.9 0.136 

cn/sec. ~ ~ ~ . . cm/sec . ~ - - - cm " " "_ . . ~ - ~ 

. _ .  ~ ~ " . . -""""""""- Sphere Diameter 0.2383 cm (0.0938 in.)------------------ 
" _  ~ ". ." "" __ " .. ~ ~ 

1521 
3 5c7 
5175 
6375, 
791 5 
9267 
10330 
11773 
12890 
14890 
14930 
1744C 
18920 
20920 
21010 

23360 
24230 
25420 

26570 
28250 

1399.51 
3333'.29 
4957.44 
6121.03 
7625.41 

9976.92 
8941.86 

11382. 
12469.6 
14417. 
14456. 
16900. 

20288.5 
20376.1 

17464.7 

22664.4 
23511.5 
24670.2 
25790. 
27425.8 

0.0063 
0.0146 
0.0158 
0.0196 
0.0232 
0.0268 
0.0291. 
0.0308 
0.0351 
0.0404 
0.0434 
0.0450 
0.0475 
0.0536 
0.0542 
0.0599 
0.0632 
0.0674 
0.0692 
0.0740 
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specinen when t h i s  specimen was s t r u c k  a t  a velocity  90  cm/sec 

(2.7  percent)   h igher .  The r e l i a b i l i t y   o f   t h e   o b s e r v a t i o n   a p p e a r s   t o   b e  

s u b s t e n t i a t e 2  by t h e   f a c t   t h a t  a c ra te r -depth   invers ion   of   the  same 

zagnlttlde  Occurs  for  the  0.17-inch-thick  specimen  struck a t  a pendulum 

v e l o c i t y  of 6,270  cm/sec. Here t h e   s h a l l o w e r   c r a t e r  was formed at a 

v e l o c i t y  55 cm/sec (0.9  percent)  higher.   Because  only two t h i n  

specimens were tes ted   and   because   the  same t y p e  of inversion  occurred 

for   each ,  it appea r s   t ha t   t he   c r a t e r   dep th   o f   da t a   po in t s   fo r  which t h e  

p l a t e   t h i ckness  i s  only  one  sphere diameter o r  less may not be e n t i r e l y  

co rmrab le   w i th   t he   c r a t e r   dep th  of da t a   po in t s   ob ta ined   w i th   t he  

standard  specimens  which  had a th i ckness   o f   nea r ly   t h ree  times t h e  

C .  175-inch-diuneter  spheres.  It i s  noteworthy , however , t h a t   b o t h   t h e  

c i f fe rences   in   depth   and   the   d i f fe rences   in   ve loc i ty   a re   near   o r   be low 

t h e  lirnit o f   r e l i eb i l i t y   o f   t he   measu r ing   t echn iques  employed. 

W t h e r z o r e ,   t h e   t e n t a t i v e   c o n c l u s i o n  i s  based on the   ev idence   o f   on ly  

tvo   cases .  

Conversely,   the  craters  produced  by  0.175-inch  spheres f i red with 

t h e  smooth-bore gun at  pendulum v e l o c i t i e s  of '14992 and 17484 cm/sec 

are consistently  shallow  by  about 0.001 cm when compared w i t h   c r a t e r s  

produced by t h e  same s p h e r e   s i z e   f i r e d   w i t h   t h e   r i f l e d - b o r e  gun a t  

v e l o c i t i e s   t h a t  were 185 cm/sec  (1.2  percent)  and 17 cm/sec ( 0 . 1  p e r c e n t )  

lower,   respect ively.  On the   ev idence   o f   t hese  two i n s t a n c e s ,  it 

appears   tha t   c ra te rs   p roduced   wi th   the   r i f led-bore  gun may be deeper 

than ,  and consequently  not  comparable  with,   craters  produced  with  the 

smooth-bore gun. Again, as i n  t h e   c a s e   o f   t h e   i n v e r s i o n s   t h a t   o c c u r r e d  

fo r   t he   t h in   spec imens ,   t he   ev idence  i s  r e s t r i c t e d   t o  two cases  and 

the   d i f fe rences   in   bo th   depth   and   ve loc i ty  are near   or   below  the limit 

of re l iabi l i ty   of   the   measuring  techniques  employed.  

There are two o the r   dep th   i nve r s ions ;   t hese  are probably  not 

s i g n i f i c a n t .  The crater   produced i n  the  square  specimen a t  a pendulum 

ve loc i ty   o f  14690 cm/sec i s  0.0005 cm deeper   than   the   c ra te r   p roduced  
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i n   t h e   s t a n d a r d  specimen w i t h  pipe  support  and  side shims a t  a ve loc i ty  

19 cm/sec (0 .1  percent)  higher.  No inver'sion  occurred with the   o the r  

square  specimen or with two specimens t h a t  were backed by a r i g i d l y  
gripped  pipe. Also, t h e   c r a t e r s  produced  by f i r i n g s  of  0.175-inch 

spheres at pendulum ve loc i t i e s  of 10,707  and  10,834 cm/sec with  use  of 
t h e  smooth-bore gun a l s o  show a depth  inversion; t h e  l-inch-thick 

specimen  developed a cra te r   a t .10 ,707  cm/sec that w a s  0.0002 cm deeper 
than t h e  c r a t e r  developed i n  the 0.5-inch-thick  specimen at a ve loc i ty  

127 cm/sec (1.2  percent)  higher. It is  very  doubtful that a difference 
of 0.0002 cm i n  depth is s ign i f i can t .  

On t h e  basis of   the  inversions  that  it was thought  might be 

s ign i f i can t .  it was decided t o  exclude the data obtained  with  the t h i n  

specimens  and the data obtained with t h e  smooth-bore gun from t h e  

analysis  of the data fo r   n i cke l  270. With use  of a computer  program , 
best-fit s t r a i g h t  l i n e s  were ca l cu la t ed   fo r  the remaining  cratering 
data for  nickel  obtained with 0.175-inch  spheres  and  for the c ra t e r ing  

data obtained w i t h  0.0938-inch spheres. The slopes and in te rcepts  of 
these  curves are given  in  Tables 6.7 and 6.8. 

(21) 

From Table 6.7 A it can  be  seen that t h e  F-rat io ,  which is a 

measure of' curvature,  is 23.8 f o r  the curve f i t  of t h e  29 data points  
obtained  for  0.175-inch spheres. The magnitude  of the  F-rat io   indicates  

t h a t  t he re  i s  s ign i f i can t   cu rva tu re   i n   t he  best-fit l i n e   f o r  these 

points.  The negat ive  s ign of t h e  x2 term of the parabolic  equation 

given by t h e  computer  program ind ica t e s   t ha t  t he  curvature is concave 
toward t h e  ve loc i ty  axis. The value of t h e  s tandard  deviat ion is 

0.0012; the smallness of this value  indicates  that the re  i s  very l i t t l e  
s c a t t e r  in the data points   about   the  l ine.  

From T a b l e  6.8 A it can be seen  that   the   F-rat io   for   the  curve 

f i t  of the 20 data   points   obtained w i t h  use of 0.0938-inch spheres is  
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Table 6.7 

Results  of  Statistical  Analysis  of  Cratering  Data  Obtained  for  Nickel 270 Using  0.175-inch  Spheres 

SECTION A. Linear  Best-Fit  Equation  for  Crater  Depth  as a Function  of  Impact  Velocity 
9 

DATA F- CRATER-DEPTH  INTERCEPT,  cm  VELOCITY  INTERCEPT, SLOPE OF LINE, sec 
ClU 

POINTS 

0.00089 0.047 -5891 to 2925 -1483 0.005849 to  0.008353 0.007101 0.04715 to 0.04862 0.04788 6500 cmlsec 
20 above 

0.00026 2.17 -310.2  to  121.8 -94.2 -0.0006895 to 0.001807 0.0005587 I 0.05572 to  0.06289 0.05931 6500 cm/sec 
4 below 

DEVIATION RATIO Range Found RanEe Found Range Found  CONSIDERED 
95% Confidence Value 95% Confidence Value Value ' 95% Confidence STANDARD 

+ 
0 
I& All 29 

data  points 23.8 -1078 to -717.1 -897.5 0.04877 to 0.04995 0.004430 0.003585 to 0.005275 0.04936 I 1  I 
0.0012 

SECTION B. Average  Linear  Best-Fit  Equation 

DATA  POINTS 
sec/cm cmlsec cm sec CONSIDERED 

CONSTANT, k* VELOCITY  INTERCEPT,  CRATER-DEFTH  INTERCEPT, SLOPE  OF  LINE, 

11 below 
6500 cm/sec 0.0593598 x 0.000540258 -0.OOgl0141 x 10 I 0.133543 x 

20 above 
6500 cm/sec 0.0479100 x 10- 0.00706017 I -0.147363 X 10 0.107784 x 10- 

4 

All  29 
data  points 0.00440142 1 -0.0891225 x 10 0.111105 x 



Table 6.8 

Resul t s   o f   S ta t i s t ica l   Analys is   o f   Cra te r ing  Data Obtained for   Nicke l  270 Using  0.0938-inch  Spheres 

SECTION A. Linear  Best-Fit  Equation  for  Crater Depth a s  R Function  of  Impact  Velocity 

POINTS 

2 below 
6500 cm/sec 

16 above 
6500 cmlsec 

A l l  20 

CL 

SECTION B. 

cm 
SLOPE OF LINE, sec VELOCITY  INTERCEPT, set CRATER-DEPTH INTERCEPT, cm 

Value 
DEVIATION RATIO Range Found RanRe Found Ranee Found 
STANDARD F- 95% Confidence Value 95% Confidence Value 95% Confidence 

0.03266 -"  -" --- -" 119.4 --- -" -0.0003898 --- -" 

0.02533 0.00126 1.2 -2223 t o  -622.0 -1422 0.001714 t o  0.005493 0.003603 0.02431 t o  0.02636 

0.02518 0.00128 0.623 -2086 t o  -1029 -1557 0.002694 t o  0.005149 0.003921 0.02444 t o  0.02592 

Average  Linear  Best-Fit  Equation 

DATA POINTS 
seclcm cnlsec cm sec CONSIDERED 

CONSTANT, k* VELOCITY  INTERCEPT,  CRATER-DEPTH  INTERCEPT,  SLOPE  OF LINE, 

2 below 
6500 cmlsec 

0.025h046 x 10- 6500 cmlsec 
16 above 

0.01194 x 10 -0.0003898 0.0326576 x 

-0.152599 X 10 0.00384962 0.0252270 x data   po in ts  
A l l  20 

-0.136877 x 10 0.00347730 

4 0.137072 x 

4 4 0.106629 x 10- 4 

I! 0.105884 x 10- 4 



0.623. The m a g n i t u d e   o f   t h i s   F - r a t i o   i n d i c a t e s   t h a t   c u r v a t u r e   i n   t h e  

j e s t - f i t   l i n e  i s  n o t   s i g n i f i c a n t   f o r   t h i s   s p h e r e   s i z e .  The va lue  of t h e  

standard  Cieviation i s  comparable i n  magnitude t o   t h a t  found  for  

2 .175-inch  spheres   and  indicates   that   there  i s  very l i t t l e  s c a t t e r   o f  

t ' r e   da t a   po ic t s   abou t   t he   l i ne .  

Frorc Tsbles  6.7 P. and 6.8 A it can be s e e n   t h a t   t h e   i n t e r c e p t  

-relacit:,- i s  nega t ive   for   bo th   sphere   s izes  when a l l  o f   t h e  data p o i n t s  

= r e  ccnsidered. It  was pointed  out   in   Sect ion 4.3 t h a t ,   p r o v i d i n g   t h e r e  

1s a e r i c u s  e r ro r   i n   t he   measu remen t s ,  a nega t ive   i n t e rcep t   ve loc i ty  

(?cs l t :ve   in te rcept  on the   c r a t e r -dep th   ax i s )   i nd ica t e s   t ha t   t he   c r a t e r -  

deFtkA-versus-velocity  plot  must  bend. It  i s  e i t h e r  a curve   o r  it 

Zonsists  of two s t r a i g h t   l i n e s   t h a t   h a v e   d i f f e r e n t   s l o p e s .  

i t  is  o f   d i s t i n c t   i n t e r e s t  t o  n o t e   t h a t   s i g n i f i c a n t   c u r v a t u r e  i s  

ind ica ted  by t h e  F-rat io   only  for   the  0 .175-inch  spheres .   That   the 

curvzture   detected i s  concave   t oward   t he   ve loc i ty   ax i s   s ign i f i e s   t ha t  

pene t r a t ion   e f f i c i ency  is  reduced. It is p o s s i b l e   t h a t   t h e   c u r v a t u r e  

which  has  been  found may b e   t h e   r e s u l t  o f .  work-hardening  of   the  nickel  

tergef ,s  as the  s teel-sphere  impacts   occurred.  It was po in ted   ou t   i n  

Sec t ion   5 .3   t ha t ,   o f   t he  metals used as t a r g e t s   f o r   t h e   s t e e l - s p h e r e  
e.  rings ~ t i e  york-hardenabi l i ty   o f   n icke l  i s  t h e   g r e a t e s t  and t h a t   o f  

a l x 5 z m  I s  t h e   l e a s t .  No meaningful  curvature was found   fo r   t he  

crater-depth-versus-veloci ty   plots   of  1100-0 aluminum (see Sect ion 

6.1.1). 

Inspect ion  of  a p l o t   o f   t h e   d a t a   p o i n t s   f o r   n i c k e l   s u g g e s t e d   t h a t  

t h e  change i n   s l o p e  may occur at a v e l o c i t y  of about 6500 cm/sec.  For 

each   sphere   s ize ,   the   da ta   po in ts   be low  th i s   ve loc i ty   and   the   da ta  

po in t s   above   t h i s   ve loc i ty  were considered as independent sets of  data. 

With use  of  the  computer  program,  each of t h e s e  sets o f   d a t a   p o i n t s  

vas f i t t e d   w i t h  a s t r a i g h t   l i n e .  
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The c a l c u l a t e d   b e s t - f i t   e q u a t i o n s   t h a t  were o b t a i n e d   f o r   d a t a  

poin ts  below 6500 cn/sec were cons idered   to   be   unsa t i s fac tory   because  

each  equation  had a p o s i t i v e   i n t e r c e p t  on t h e   c r a t e r - d e p t h   a x i s .  I t  

was t h o u e h t   t h a t   t h e  measured depths  might  be  high  because,   in a s o f t  

metal, the  Dointed  plunger   of   the  d i a l  gauge   p ie rces   the  metal at t h e  

bottom  of a c r a t e r   d u r i n g  a measurement.  The  percentage  error  intro- 

duced i n   t h i s  way i s  l a rge r   i n   sha l low  c ra t e r s   p roduced  a t  low 

ve loc i t i e s   t han   i n   deep   c r a t e r s   p roduced  a t .  h i g h   v e l o c i t i e s .  The c r a t e r  

depths  suspected of being  high were progress ive ly   re jec ted   and   the   curve  

f i t t i n g  was r e p e a t e d   u n t i l  a pos i t i ve   va lue  of i n t e r c e p t   v e l o c i t y  

v5tk in   the   range   of  95 percent  confidence was obtained.  The s lopes  

~ r l d  i n t e r c e p t s  of t h e   l i n e s   t h a t  were considered  acceptable   are   given 

ir. Tzbles 6.7 and 6.8. The l i n e s   a r e   p l o t t e d   i n   F i g u r e  6.2. 

The va lues   o f   F- ra t io   g iven   for   the   l ines   be low  and  above 6500 

c d s e c   i n d i c a t e   t h a t   t h e r e  is  no s i g n i f i c a n t   c u r v a t u r e   i n   t h e s e   l i n e s .  

T?e values  of the  s tandard  deviat ion  for   the  curves   below  and  above 

65CC c n / s e c   i n d i c a t e   t h a t   t h e   s c a t t e r   o f   t h e   p o i n t s   a b o u t   t h e   l i n e s  i s  

l e s s   f o r   e a c h   s p h e r e   s i z e   t h a n  when a l l  o f   t h e   p o i n t s   f o r   e a c h   s i z e  

vere  considered.  Reduction  in  the  magnitude of the   s t anda rd   dev ia t ion  

i s  t h e  result of  removing the   curva ture   f rom  the   l ines .   That   the   re -  

d u c t i o n   i n   s c a t t e r  i s  qrear;er f’or the   0 .175- lnch   than   for   the  

0.293&-incn  spheres was to   be   expec ted   because   s ign i f i can t   cu rva tu re  w a s  

found  only  for   the  data   obtained  with  0 .175-inch  spheres .  

For   0 .175-inch  spheres ,   the   ra t io   of   the   s lope of t h e   l i n e  below 

6500 c d s e c   t o   t h e   s l o p e   o f   t h e   l i n e  above  6500  cm/sec i s  1.24.  This 

corresponds t o  a 24 pe rcen t   r educ t ion   i n   s lope .  The cor respondinE  ra t io  

f o r  3.0938-inch  spheres i s  1.23 which  corresponds t o  a 29 percent  rcduc- 

t i o n   i n   s l o p e .   T h a t   t h e  crater-depth-versus-velocity p l o t   f o r   t h e  

smeller sphere s i z e  w a s  s u b j e c t   t o  a g rea t e r   pe rcen tage   r educ t ion   i n  

s lope  may o r  slay not be meaningfu l ;   the   bes t - f i t   equa t ion  below 6500 

cn/sec f o r  the  data   obtained  with  0 .0938-inch  soheres  i s  based  on  only 

two poin ts .  
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Figure 6 . 2 .  Theoretical Curves  and Experimental Data for Impacts of  Steel Spheres  Against  Nickel 270. 



c.1.3 Electro1:rtic Tough P i t c h  Copper 

n "opper vas not   one  of   the metals chosen   fo r   t he   cu r ren t   s tudy   o f  

c r a t e r i n e  by neans  of  steel-sphere  impacts.   Fowever,  some s teel-sphere-  

impac t   da t a   fo r   e l ec t ro ly t i c   t oueh   p i t ch   coppe r  were obta ined   in   an  

ear l ie r  stud;r [TI ;  t h e s e   d a t a   h a d   n o t   b e e n   s u b j e c t e d   t o   s t a t i s t i c a l  

a n a l y s i s .  I n  a n   e f f o r t   t o   o b t a i n   n o r e   e v i d e n c e   t o   e s t a b l i s h   t h e  ex- 

; e r i . t n t a l   v a l u e  of t he   cons t an t  k for   face-centered   cubic   meta ls  

( s e e   S e c t i o n  7 . 4 ) ,  an  a n a l y s i s   o f   t h e s e   d a t a  was made. The r e s u l t s   a r e  

Riven Ir, "i'E*o,'ole 5.9. 

F rox   t he   va lue   o f   t he   F - r a t io  and number o f   p o i n t s   g i v e n   i n  

Ta5le 6.9 A ,  the   c ra te r ing   da ta   for   0 .5000- inch  and 0.2188-inch  spheres 

a r e   f i t   b e s t  by s t r a i q h t   l i n e s .  On the   o the r   hand ,   t he   va lue   o f   t he  

F - ra t io  i n  conjunct ion  with  the  nunber   of   points   for   0 .3125-inch 

sphe res   i nd ica t e s   t ha t   cu rva tu re  is h i g h l y   s i g n i f i c a n t .  From t he   va lues  

of s tandard   devia t ion   g iven   in   Table  6.9 A ,  it can   be   seen   tha t   there  

5s a l a r g e  amount o f   s c a t t e r   o f   t h e   d a t a   p o i n t s   a b o u t   t h e   b e s t - f i t  l i n e s  

fcr  the  0.5000-inch  and  0.2188-inch  spheres. On the   o the r   hand ,   t he  

s taxdar?   t ev ia t ion   for   the   0 .3125- inch   spheres   ind ica tes   re l .n t ivc ly  

l l t t l e  s c a t t e r .  

T h e  va lue   o f   t he   i n t e rcep t   ve loc i ty   fo r   each   sphe re  s i z e  i s  

neFat ive   in   Table  6.9 A; i n   Tab le  6.9 B ,  t he   on ly   pos i t i ve   va lue  of 

i n t e r c e p t   v e l o c i t y  i s  f o r   t h e  0.5000-inch  spheres  for  which  scatter i n  

t n e   d a t a   p o i n t s  i s  very  high. The f a c t   t h a t   t h e   i n t e r c e p t   v e l o c i t y  

f o r  t h e  0 .3125-inch  spheres ,   for   which  the  value  of   the  s tandard 

dev ia t ion  i s  the   l owes t ,  is  nega t ive   i n   Tab le  6-.9 B s u g g e s t s   t h a t   t h e  

copper d i d  work-harden  under   the  impacts   and  that   the  slopes and 

i c t e r c e p t s  01 7;ne l i n e s   g i v e n   i n   T a b l e  6.9 B nay   no t   be   representa t ive .  

Tnls conclusion i s  s u p p o r t e a   b y   t h e   f i n d i n g   o f   h i g h l y   s i g n i f i c a n t  

c u r v e t w e  f o r  the  0.3125-inch  spheres.  
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Table 6.r)  

Results  of S t a t i s t i c n l  Analysis of Steel-Zphcre  Crntcrlnr: Dtrtu O b t r i j n c d  f o r  E l r c t r o l y t i c  Tou1:h Pitch Copper 

SECTION A. Linear  Hest-Fit  Equation  for  Crater Depth As u Function of Impact Velocity 

SPHERE 
DIAM., 
inch 

0.5000 

0.3125 

0.2188 
CL 
A 
Q, 

""" 1 " 

SLOPE  OF LINE, 10- sec 

Value 
Range Found Range Found 

95% Confi'dence Value 95% Confidence 

4 CRATER-DEPTH INTERCEPT, cm 

0.1783 

-0.0008887 t o  0.01089 0.005001 0.1043 t o  0.1112 0.1078 

-0.03863 t o  0.05471 0.008037 0.1569 t o  0.1997 

0.07464 -0.016oG t o  0.02656 0.005249 0.06526 t o  0.08403 

I I I 

VELOCITY INTERCEPT, N U " 2  1 I 
Value I 95% ' / O F  1 
Found1 Range 1 RATIO 1 o~EYlil 1 P0;iTS i 

-451 -3117 t u  2216 0.129  0.0407 

-464 -1025 t o  96.28 6.80 

-703 -3644 t o  2237 2.48  0.0109 

- 

I t I 1 I 

SECTION B. Average  Linear  Best-Fit  Equation 

SPHERE 

seclcm cm/sec cm sec  inch 
DIAM. , 

CONSTANT , k' , VELOCITY  INTERCEPT, CRATER-DEPTH INTERCEPT, SLOPE OF LINE, 

0.5000 0.184122 x 10- -0.0035645 0.0193594 x 10 

0.3125 

-0.044951i8 x 10 ' , 0.135869 x 

0.00484820 0.107846 x l f4  

4 4 0.144978 x 10- 
4 

0.2188 -0.00499591 x 1C- 0.138290 x 10- 0.000383$ 0.076851~8 x 4 

I 



Zf t t e   v e l o c i t y  at which a change of slope  due  to  work-hardening is 
+ b~..e:: - ', t o  be 3Q20  crn/sec,  two d a t a   p o i n t s  a t  o r  below t h i s   v e l o c i t y  are 

avai la5le   fcr   0 .3125-inch  spheres   and  for   0 .5000-inch  spheres .  The 

s t r s i q n t   l i n e   c a l c u l a t e d   f o r   t h e  two da ta   po in ts   ob ta ined   wi th  

0.3125-inch  spheres is  

d = 0.118612 x V - 0.00235293 (6 .9)  

frsz --.?.ich t h e   i n t e r c e p t   v e l o c i t y  i s  198 cm/sec, t he   cons t an t  k* is 

,2.1$;32 x IC) sec/cm,  and  the  constant k ca lcu la ted  from  eq  (2.23) 

1s - z .  ?5. This   value  of   the  constant  k compares favorably w i t h  t h e  

,= l ; ; t~  sf t!-:is constant  found  for 1100-0 aluminum and n i cke l   ( s ee  

. = - -e  ? . e ) .  It  i s  noteworthjr  Chat t he   va lue   o f   t he   cons t an t  k calcu- 

1" ~ f e i  'dith use  of t t e   v a l u e  of t he   cons t an t  k* given  in   Table  6.9 E f o r  

- - . s ~ c t s  : ".-, o f  3.3125-inch  spheres  against  copper is  15.32. 

-4 
. - r  

." 

- .  
L -_I 

The average   bes t - f i t   equa t ion   found  for   the   seven   da ta   po in ts  

cbtc-ined a t  v e l o c i t i e s  above  9020  cm/sec for  impacts  of  0.3125-inch 

spheres  agzinst   copper is  

6 = 0.109983 x V + 0.000339393. (6.10) 

The r a t i o  of t h e   s l o p e   o f   t h e   b e s t - f i t   l i n e  below  9020  cm/sec t o  t h e  

S ~ C ? E !  of t h e  b e s t - f i t   l i n e  above  9020  cm/sec i s  1.078. This  corresponds 

tl' E 7.9 Fercent   reduct ion  in   s lope as a consequence of work-hardening. 

:.--IS i s  f r o z  1/6 t o  1/7 of   t he   r educ t ion   i n   s lope   obse rved   i n   t he   ca se  

of c i c k ~ . i  270. It i s  r e g r e t t a b l e   t h a t   c o p p e r  w a s  not  among t h e  metals 

Zcr .s i5ered  in   the  s tudy  of   Sect ion 5.4.  

-. . 

The s t r a i g h t  l i ce  c a l c u l a t e d   f o r   t h e  two da ta   po in ts   ob ta ined   be low 

e ve loc i ty   o f  9020  cm/sec with  0.5000-inch  spheres is  

6 = 0.291803 x V - 0.03637 

from  which t h e   v e l o c i t y   i n t e r c e p t  is  1246 crn/sec , t he   cons t an t  k* i s  

0.229766 x sec/cm,  and  the  constant k calculated  f rom  eq  (2 .23)  i s  
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Z:.::.. X i s  va lue   o f   the   cons tan t  k i s  wide ly   d i f fe ren t   f rom  those  
E?. .?;  f o r  1190-5 aluminum and  nickel  270 (see Table 7.8) and t h i s  

s : z g e s t s   t h a t   t h e  two d a t a   p o i n t s  a t  v e l o c i t i e s  below 9020 cmlsec f o r  

ir_;:.ects of 0.500C-inch spheres  against   copper are p robab ly   sub jec t   t o  

t k e  s&.ze h iqh   degree   o f   sca t te r   found  for  a l l  o f   t h e   d a t a   p o i n t s  of t h i s  

s?:?ere s i z e  (see va lues   o f   s tandard   devia t ion   in   Table  6.9 A ) .  

3ased on t h e  two data poin ts   ob ta ined  a t  v e l o c i t i e s  below 9020 

cdsec   for   ixpac ts   o f   0 .3125- inch   spheres   aga ins t   copper ,   the   va lue  of 
A. ,xe s t ee l - snhe re   den t ing   ve loc i ty   fo r   e l ec t ro ly t i c   t ough   p i t ch   coppe r  

is l:)? crz/sec, t he   va lue   o f   t he   cons t an t  k* for   the  low-veloci ty   branch 
of + -..e ;., crater-depth-versus-velocity  curve i s  0.149432 x 1 0  -4 sec/cm, 

m 5  t ke   ve lue  of the   cons t an t  k calculated  f rom eq (2.23)  is  16.85 f o r  

lo--*-velocity  branch  of  the  crater-depth-versus-velocity  curve. 

3 ~ r g  fsr copper are p lo t t ed   i n   F igu re   6 .3 .  

A x l y s i s  o f  Liquid-Drop  Cratering 

The waterdrop  denting  velocity  and  the  mercury-drop  denting 

ve lcc i ty   for   copper   can   be   ca lcu la ted   f rom  the   s tee l - sphere   dent ing  

ve loc i ty .   Th i s  is done in   Sec t ion  7.5.1. Because   c ra te r ing   da ta  were 

col lected  for   impacts   of   both  waterdrops  and  mercury  drops  against  

t a r g e t   p l a t e s  of e lectrolyt ic   tough  pi tch  copper   f rom  the same heat  

and anneeled at t h e  same temperature ,  a cornparigon can be made between 

t?e  exgerinentally  determined  waterdrop  and  mercury-drop  denting 

. re l sc i t ies   ana   the   va lues   ca lcu la ted   f rom  the   s tee l - sphere   dent ing  

-b-el?city.  See Sect ion 7.5.1. 

The c r a t e r i n g   d a t a   t h a t  were t a b u l a t e d  ear l ier  r7] f o r  mercury-drop 

z”.d vz te rdrop   inpac ts  vere f i t t e d   w i t h   s t r a i g h t   l i n e s   w i t h   u s e   o f   t h e  

cor:,futer  ?rogran(21). The r e s u l t s   o f   t h e   a n a l ; r s i s  are g iven   in  

Takls 6.10. The t abu la t ed   va lues   o f   s t anda rd   dev ia t ion  are reasonably 

low v i th   t he   excep t ion   o f   t he   va lue   fo r  0.2-cm mercury  drops  which 

i s  h igher   than   the   o ther   va lues .  The va lues   ob ta ined   fo r   t he   F - r a t io  

ir. conjunct ion   v i th   the   nayher   o f   da ta   po in ts   ind ica te   tha t   curva ture  

is  n o t   s i g n i f i c a n t   f o r   t h e  0.2-cm mercury  drops  and  waterdrops. However, 

tile F-rat io   found  for  0.1-cm mercury  drops  indicates   that   curvature  is 

s i g n i f i c a n t .  
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Tablc  6. IO 

R e s u l t s  of Anuly:;Is of Liquid-Drop  CratcrlnK  Oatn for R l e c t r o l y t i c  Tou/r;h P i t c h   C o p p w  

SECTION A. L inea r   Bes t -F i t   F :qua t ion   fo r  Crater Depth As a F u n c t i o n  o f  Impact   Veloc i ty  

,DROP 1 SLOPE 0; LINE, IO-'' s e c  DIAM. , Value 95% Confidence 
Found  iianqe 

"". 

0.1 

0.03138 t o  0.03759 0.03449 0.2 

0.01393 t o  0.01550 0.01472 

""" +""""-t""""""-"""- 

O a 2  I I 0.003509 0.001630 to 0.005385 

CRATER-DEPTH INTERCEPT, cm 

Value 
Range Found 

95% Confidence 

- - 
---------*--DATA 

-0.04289 t o  -0.01783 -0.03036 

-0.01680 t o  -0.007622 -0.01221 

FOR MERCURY DROP 

---------..--DATA FOR  WATERDROPS- 

-0.01230 -0.02429 t 0 -0.000322 

VELOCITY  INTERCEFT, cm 
* - V T - l  Found  Range F- I STD. 

RATIO  DEV. 

""- .- "-""""""- """ _""". 

NUMDER 
OF' 

POTNTS 
" 

27 
30 

""""_ 



Consi2era t ion   of   the   wid th   o f   the  95 percent  confidence  range  of 

tke slo?es  of  t h e   l i n e s   i n  comparison  with  the  values  found  indicates 

~::zt <:?e s loFes   o f   t he   l i nes  are reasonably well known f o r   t h e  mercury- 

drop  dzta.  Eowever, t h e   s l o p e  i s  known with much less c e r t a i n t y   f o r   t h e  

; ra terdrop  data .   Considerat ion  of   the  width  of   the 95 percent  confidence 

r ange   o f   t he   ve loc i ty   i n t e rcep t s   i n   compar i son   w i th   t he   va lues   found  

inCica tes   tha t   the   ve loc i ty   in te rcepts   for   the   mercury-drop   da ta  are 

' k o - z  -dit:? less c e r t a i n t y   t h a n   t h e   s l o p e s   o f   t h e   l i n e s .   I n   t h e   c a s e   o f  

:?.e veterdrop  data, t h e   v e l o c i t y   i n t e r c e p t  i s  known t o  about   the  same 

t e c r e e  of  c e r t a i n t y  as t h e   s l o p e   o f   t h e   l i n e .  

L .  

Consideration of the   w id th   o f   t he  95 percent  confidence  range of 

the   ve loc i ty   i n t e rcep t s   i n   compar l son   w i th  t h e  values   found  in  

Tables 6.9 and 6.10 shows t h a t   t h e   v e l o c i t y   i n t e r c e p t s   f o r   t h e   l i q u i d -  

d rop   c r a t e r ing   da t a  are known with  considerably more c e r t a i n t y   t h a n   t h e  

v e l o c i t y   i n t e r c e p t s   f o r   t h e   s t e e l - s p h e r e   c r a t e r i n g   d a t a .  The reason 

f o r  t h i s   z p p e a r s   t o   b e   t h a t   t h e   v e l o c i t y   i n t e r c e p t s   o f   t h e   l i q u i d - d r o p  

z r z t e r i n g  ?.eta a r e   l a r g e  numbers a n d   t h a t   t h e   l o w e s t   v e l o c i t i e s  a t  which 

.2z+.rz v e r e   c o l l e c t e d   a r e   r e a s o n a b l y   c l o s e   t o   t h e   v a l u e   o f   t h e   i n t e r c e p t  

veloclt::. 

6 .1 .  L Solat ione2 Vdimet T O O  Alloy 
" 

":?e c r a t e r i n g   d a t a   o b t a i n e a   i o r   s o l u t i o n e d  Udimet 700 a l loy   wi th  

X P  cf 0.175-inch  and  0.0938-inch  spheres are l i s t e d   i n   T a b l e  6.11. The 

s2ec iz l   c i rcumstances   tha t  were employed are a l so  r e c o r d e d   i n   t h i s   t a b l e .  

30 veloc i ty-depth   invers ions   occur   in   th i s   se t   o f   da ta   po in ts .  

;L~or,g t h e   f i r i n g s  made with  0.175-inch  spheres  using  the  smooth-bore 

qm, t h e  3.0236-cn-deep c ra t e r   p roduced   i n  a 1-inch-thick  specimen of 

so lu t ioned  Udimet 700 was formed at a h i g h e r   v e l o c i t y   t h a n   t h e  

3. C243-cm-deep cra te r   p roduced   in  a standard  0.5-inch-thick  specimen. 

Eovevw,  f roa  Table  6.6 it c a n   b e   s e e n   t h a t   t h e  0.0582-cm-deep c r a t e r  

?:reduced i n  e 1-inch-thick  specimen  of  nickel w a s  formed a t  a lower 
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Table 6.11 
Cra te r ing  Data for   Solu t ioned  Udimet TOO 

!-'easured Corrected 
Veloci ty   Veloci ty ,   Crater  Depth 

cm/s ec cm/s ec cm Special  Circumstances 
"~ 

"""""" Sphere  Diameter 0.4445 cm (0.175 inch)--------------------- 

11230 10911.7 0.0243 Smooth-bore  gun  employed 

11310  10931.2  0.0236 Smooth-bore gun; specimen 1 inch 
t h i c k  

15320  14835. 'j 0.0319 Smooth-bore  gun  employed 

17730  17182.4  0.0369 Smooth-bore gun employed 

2145C 2380b. 6 0.0440 

L Tk132 2341L. 1 0.0498 
26640 25858.1  0.0542 

"""""" Sphere  Diameter 0.2383 cm (0.0938 inch)-------------------- 

1378 
1440 

2772 
5358 
6257 
6395 
7946 
l07CO 
13170 
lb7C3 
15120 

16110 

18390 
18610 
23910 
26160 
28750 

1260.27 
1320.64 
2617.62 

6011. 

7655.59 

5135.63 

6145.37 

10337.2 
12742.3 
14232. 
14641. 
15605. 
17825. 
18039.2 

23199 9 
25390 - 7 
27912 7 

0.0014 
0.0012 

0.0028 

0.0058 
0.0065 
0.0073 
0.0088 

0.0107 
0.0146 
0.0154 
0.0162 
0.0182 

0.0196 
0.0213 
0.0248 

0.0282 

0.0320 
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veloc i ty   than   the  0.0580-cm-deep c r a t e r  produced i n  a standard 

C.5-inch-thick  specimen. On the   bas i s  of th i s   ev idence ,  it w a s  con- 

cluded  that  velocity-depth  inversions  involving  specimens of 1-inch 

- mc? 0.5-inch  thickness  are  the  result   of  experimental   error and are   not  

r e l a t e d   t o   t h e  specimen thickness.  The data  point  obtained  with  use  of 

the  1-inch-thick specimen w a s  used in  determining  the  best-fi t   curve 

for   inpac ts   o f  0.175-inch steel spheres   against   targets   of   solut ioned 

Udimet 700 a l loy .  

A velocity-depth  inversion a l s o  occurs i n  t h e  two lowest  velocity 

f i r k g s  nate  with 0.0938-inch spheres. The c ra t e r s  produced by these  

f i r i c g s  are so shallow  that  the  depth-measuring  techniques  that  were 

enployed  were  probably  inadequate  for  their measurement. Curve f i t t i n g  

vas  carried  out  both  with and without   these  data   points .  

In   the  case  of  two nickel  specimens,   the  craters produced  by 

f i r i n g s  of 0.175-inch  spheres  with  the smooth-bore gun were  found t o   b e  

shallow by about 0.001 cm compared wi th   c ra te rs  produced  by the  same 

s i z e  of  sphere  f ired  with  the  r if led-bore gun.  Because more than 

50 Dercent  of t he  data points  for  impacts of 0.175-inch  spheres  against 

solutionec? Udimet 700 were obtained  with  use of t h e  smooth-bore gun 

It ves possible t o   a s ses s   t he   s ign i f i cance  of this   observat ion.   Rest-  
+-: + curves  were  calculated  separately  for  the smooth-bore f i r i n g s  

agzinst   solutioned Udimet TOO and fo r   t he   r i f l ed -bore   f i r i ngs .  

The average  equations  found are: 

For  smooth-bore f i r i n g s :  6 = 0.0200255 x V + 0.00237701 

For r i f led-bore   f i r ings :  6 = ~.0202437 x V + 0.00204616 

These  equations are closely similar. For a ve loc i ty  of 1 x 10 cm/sec, 

the  depth of  c r a t e r  produced  by the  smooth-bore gun i s  0.0224 cm and 

t h a t  produced  by the   r i f led-bore  gun is  0.0223 cm. It w a s  concluded t h a t  

differences  of 0.0001 cm in   the   depths   o f   c ra te rs  produced bx smooth-bore 

- a?d r i f l ed -bore   f i r i nas  are not   s ipn i f icant  and tha t   these   f i r ings   should  

" not be t rea ted   separa te ly .  

4 
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The slope an6 in te rcept  of t h e  best-fit s t r a i g h t   l i n e  found  with 

inpact   veloci ty  as the  independent  variable  for a l l  seven  impacts  of 

0.175-inch s teel   spheres   against   solut ioned Udimet TOO are given  in  

Table 6.12 A. The F-ratio  obtained  in  conjunction  with  the number of 

data poin ts   ind ica tes   tha t   curva ture  i s  not   s ign i f icant .  However , not 

cnljr the in te rcept   ve loc i ty   bu t   bo th   o f   the  95 percent  confidence 

licits on the   in te rcept   ve loc i ty  are negative.  The s lope and in te rcept  

of the  average  best-f i t   equat ion  for  a l l  seven  impacts  of  0.175-inch 

s teel   spheres   against   solut ioned Udimet 700 are given i n  Table 6.12 B.  

"his equation, which is  cons idered   to   be   the  most representat ive  of   the  

data   points  , is  plot ted  with a dashed l i n e  i n  Figure 6.4. The in te rcept  

veloci ty  of the  average  equation is a lso   nega t ive   in  sign. 

The finding  of a negat ive  intercept   veloci ty   suggests   that   solut ioned 

Ydirret 700 nay be  behaving l i k e   n i c k e l ,  which is i t s  major  consti tuent.  

Vrfortunately,  no c ra te r ing   da ta  at ve loc i t i e s  below 1.091 x 10  cm/sec 

Yere collected  for  impacts of 0.175-inch  spheres  against  solutioned 

S'diEet 730. Ead f i r i n g s  a t  lower ve loc i t i e s  been made, s i ~ n i f i c a n t  

cuyvzture -dy have  been  found in   the   bes t - f i t   curve   for  a l l  of t he   da t a  

coizts, the  s lope of the  low-velocity  section of the   c ra te r ing   curve  

nay kave  been  found t o  be  higher  than  the  slope  reported  for  the  seven 

clata points  in  Table 6.12, and the  ve loc i ty   in te rcept  of t he  low- 

veloci ty   sect ion of the  cratering  curve may have  been  found t o  be 

posi t ive.   This  is  specula t ion ;   the   ac tua l   locus  of the  crater ing  curve 

for   sc lu t ioned  Udimet 700 using  0.175-inch  spheres  can  only  be known 

by col lec t ing  more c ra te r ing   da ta .  

4 

The slope and in te rcept   o f   the   bes t - f i t   s t ra ight   l ine  found  with 

inpact   veloci ty  as the  independent  variable  for a l l  17 data   points  

obtained  with  f i r ings of 0.0938-inch steel spheres  against   solutioned 

L'dizet 700 are given in  Table 6.12 A. The F-rat io   obtained  for   the 

17 ta ta  Doints in   conjunct ion  with  the number of data   points   indicates  

tnat there  i s  no s ign i f icant   curva ture .  However, t he   c r a t e r ing   da t a  
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TABLE 6.12 

Results of S t a t i s t i c a l   A n a l y s i s  of Data Obtained f o r   S t e e I S p h e r e  Impacts  Against  Solutioned Udimet 700 

SECTION A. Linear  Best-Fit  Equation f o r  Cra te r  Depth As a Function of Impact  Velocity 

I I 

CRATER-DEPTI!  INTERCZPT, CRI VELOCITY INTERCEPT, gL I i NUMBER 
POINTS OF 

CONSIDERED I Found Range Rance Range 

I I I I 1 I I 

SECTION B. Average  Linear  Best-Fit  Equation 

DATA POINTS 
CONSIDERED 

All Poin ts  
""""""_ 
All Poin ts  

6 below 
6500 cmjsec 

11 above 
6500 crn/sec 

- 

I I 1- 

-0.00024666€ 209.504 

0.0113298 x 10- 4 -0.000247686  218.615  0.0475538 x 
- . . " - - " . - ". . . . . I- . ..-..._..- 
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Theoretical Curve c 

A = 0.175-Inch  Spheres B = 0.0938-Inch  Soheres 

Impact Velocity, cm/sec 

Figure 6 . 4 .  Theoretical Curves  and Experimental Data for Impacts o f  Steel Spheres Aqainst  Solutioned Udimet 700 Alloy. 



obtained  for  impacts  of 0.0938-inch spheres   aga ins t   n icke l   a l so  showed 

no si ,gnificant  curvature.   In view o f   t he   poss ib i l i t y   ( s ee  above) t h a t  

solutioned Udimet 700 may be  behaving l i k e   n i c k e l ,   c u r v e   f i t t i n g  was 

performed separately on the   da ta   po in ts  above and below 6500 cm/sec as 

w a s  done . in  the  case  of  nickel.  The slopes and in te rcepts   o f   the   bes t -  

f i t   l i n e s   t h a t   w e r e - o b t a i n e d   a r e  also given  in  Table 6.12 A. The 

values  of  F-ratio  obtained, i n  ca junc t ion   w i th   t he  number of data 

points  used  in  determining  each l i n e ,  i nd ica t e s   t ha t   t he re  is  no 

s igni f icant   curva ture   in   e i ther   ve loc i ty   range .  The average  equations 

given  in  Table 6.12 B are plot ted  with  dashed  l ines   in   Figure 6.4. 

If a change in   s lope  of   the  crater ing  curve is cha rac t e r i s t i c  of 

solutioned Udimet 700, it i s  more l i k e l y   t h a t  it i s  due t o  work-hardening 

t h a n  t o  a qvnamic e leva t ion   in   y ie ld   s t rength   because   the  change i n  s lope 

is  e eecrease  ra ther   than an increase.  However, there  i s  some evidence 

tha t   sugges ts   tha t  some e leva t ion   in   y ie ld   s t rength  may occur.  Although 

the   ve loc i ty   in te rcept   for   the   bes t - f i t   l ine   o f   the   da ta   po in ts   ob ta ined  

with 0.0938-inch spheres below 6500 cm/sec i s  substant ia l ly   higher   than 

t h a t  of t h e   b e s t - f i t   l i n e   f o r  all of the   da ta   po in ts ,   the   ve loc i ty   in te r -  

cep t   fo r   t he   bes t - f i t   l i ne  of the   da ta   po in ts  above 6500 cm/sec is higher 

than  that   of   the   data   points  below 6500 cm/sec. This   suggests   that   the  

high-velocity  branch  of  the  cratering  curve may be   t r ans l a t ed   t o   t he  

r ight   a long  the  veloci ty  axis with  respect  to  the  low-velocity  branch 

end t h a t  an  elevated dynamic y ie ld   s t rength  may be  involved. 

The ra t io   o f   the   s lope   o f   the   bes t - f i t   l ine  below 6500 cm/sec to 

the s l o p  of t h e   b e s t - f i t   l i n e  above 6500 cm/sec f o r  0.0938-inch 

sp5eres is  1.04.  This  corresponds t o  a 4 percent   reduct ion  in   s lope.  

In the  case  of  impacts  of 0.0938-inch spheres   against   n ickel ,   the  re- 

duct ion  in   s lope w a s  29 percent. If the   reduct ion   in   s lope  is the  

r e s u l t  of work-hardening, it would be  expected  that   the  slope of t he  

nickel  curve would be reduced more than  that   of   the   solut ioned Udimet 

TOO curve  because  nickel work-hardens more than  solutioned Udimet 700 
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(see  Sect ion 5 .4) .  The r a t i o  of 4 percent  reduction  found  for 

solutioned Udimet 700 t o  29 percent  reduction  found  for  nickel is 0.14. 
The value of t h i s   r a t i o  compares with  that  of t h e   r a t i o   o f   t h e  

asymptotic  hardnesses  of  solutioned Udimet TOO and nickel .  The 

espptot ic   hardnesses   of   solut ioned Udimet 700 and n icke l   ( see  

Tsble  5.2) are 375 and  57.09 , respect ively.  The r a t i o  of 57.09 t o  375 
is C . i 5 .  Comparison of ;the values of t hese   r a t io s   sugges t s   t ha t   t he  

,;.anqe in   s lope of the  crater-depth-versus-velocity  plots o f  two metals P. .- 

"- ?Je t 3  mrk-hardening may vary inversely as their   asymptotic  hardnesses.  

T 
-5 s m a r y ,   t h e   c r a t e r i n g   b e h a v i o r  of solutioned Udimct 700 i s  not 

Icnozrr. wit:? a high  decree of assurance. Although t h e  data co l lec ted  w i t h  

0.3?3?-inch  spheres  suggest  that  the  cratering  curve  for  solutioned 

Udircet 700 m a y  have a cnange in   s lope due t o  work-hardening, as was 

f0w.d i n  the  case of nickel ,  no low-velocity  data  collected  with 

C.175-inch spheres  (or  with  spheres of any subs tan t ia l ly   l a rger   d iameter )  

z e  a v a i l a b l e   t o   s u b s t a n t i a t e   t h i s   p o s s i b i l i t y .   I n   a d d i t i o n ,   t h e r e  i s  

sorce evidence which suggests   that  an  elevated dynamic y i e ld   s t r eng th  may 

be invol-ved. However, t he re   a r e  no independent  data,  such as determina- 

t ions  of t ens i l e   y i e ld   s t r eng th  a t  reduced  temperatures,   to  substantiate 

tke  evidence. 

6.1.5 &e2  Udinet 700 Alloy 

The cra te r ing  data obtained  for aged Udimet T O O  a l loy  w i t h  use of 

C.175-inch  and 0.0938-inch  spheres  are  listed i n  Table 6.13. The special  

circumstances  that  were employed a re   a l so   r eco rded   i n   t h i s   t ab l e .  There 

a re  no veloci ty-depth  inversions  in   this  set of  data  points.  The data  

points   are   plot ted  in   Figure 6.5 using  the same sca le  as t h a t  employed 

for   solut ioned Udimet 700 in   Figure 6.4. 

Fron Figure 6.5 it can  be  seen  that ,  as in   the   case  of solutioned 

W k e t  7 0 0 ,  no data  points  for  impacts of 0.175-inch  spheres were 

obtained i n  the  low-velocity  range.  Furthermore, it can  be  seen  that ,  
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Table 6.13 
Cra te r ing  Data f o r  Aged U d i m e t  700 

lk2sured  Corrected 
V P  Icc i t y  , Veloc i ty  , Crater Depth, 
zm/sec cm/sec cm Special   Circumstances 
"""""""""" 

"- "" 

SDhere Dianeter 0.4445 cm (0.175 inch)-------------------- ""_"" 
i1lCG 10726.7 0.0223 Smooth-bore gun; specimen 1 i n .   t h i c k  

11300 15921. I: 0.0224 Smooth-bore gun employed 

15422 1b933.1 0.0306 Smooth-bore gun employed 

17700 17152.2 0.0355 Smooth-bore gun employed 

21360 2S716.9 0.3429 
24130 23L14.1 0.0489 

25670 25937.3 0.0549 

"""""""""_C 
""""I 

. , ~ h e r e  Diameter 0.2383 cm (0 .0938 _" "" "- 

154C 1418.01 c). 0015 

261 5 2L6L. 75 0.0034 

35>E 3b1?. 95 0.0045 

3 5 :  6C05.15 0.0055 
7787 7500.77 0.0076 

l069C 13327.5 0.0112 

133CC 12862,. e 0.0140 

lL,S@C i4329. L 0.0153 

16330 15919.2 O.Ol81 
16720 16198.9 0.0184 

l a m  18224.2 0.0208 

2Lllc! 23394.6 0.0260 

1853C 17961. : 0.0:198 

23324)  23307.  0.0254 

26570 25790. 0.0290 

23410  27581.6  0.0312 

- " 
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i n   t h e   c z s e  of data   points   obtained  with  0 .0938-inch  spheres ,   the   point  

obtained a t  a v e l o c i t y  of 6005 cm/sec a p p e a r s   t o   b e l o n g   t o   t h e   h i g h -  

v e l o c i t y   r a t h e r   t h a n   t o   t h e   l o w - v e l o c i t y   b r a n c h  of the   c ra te r -depth-  

versus-ve loc i ty   p lo t .  

Tke slope a n d   i n t e r c e p t   o f   t h e   b e s t - f i t   s t r a i g h t   l i n e   c a l c u l a t e d  

wit?. i npac t   ve loc i ty  as the   independent   var iab le   for   the   seven  data 

points  obtained  with  use  of  0.175-inch s teel  spheres are g i v e n   i n  

Tzble 6.14 A. The F-ratio,  which i s  a measure of   curva ture ,  i s  17.6. 
This   vzlue  of   the  F-rat io   for   the  seven  data   points   considered  indicates  

s l g i f i c a n t   c u r v a t u r e .   T h i s  i s  s u r p r i s i n g   i n   v i e w   o f   t h e   f a c t   t h a t  no 

stc:nifLcant  curvature was found in   the  case  of   impacts   of   0 .175-inch 

s rhe res   eza ins t   so lu t ioned  Udimet 700. The s i g n   o f   t h e  x t e r m   i n   t h e  

yerakol ic   equat ion is p o s i t i v e  which means t h a t   t h e   c u r v a t u r e  i s  convex 

t o - ~ a r d  t k e  ve loc i ty   ax i s .   Th i s   t ype   o f   cu rva tu re  i s  o p p o s i t e   t o   t h a t  

w?'ick '*-as found i n   t h e   c a s e  of  nickel.  The in te rcept   ve loc i ty   found 

f roz ::?e c ra te r -depth   in te rcept  and s lope  of t h e   b e s t - - f i t   l i n e  i s  

p o s l t i v e   i n   s i g n   a n d   e q u a l   t o  494 cm/sec. The f ind ing   o f  a p o s i t i v e  

ve loc i ty   i r , t e rcept   for   impacts  of 0.175-inch  spheres  against aRed Udimet 

710 is a g a i n   d i f f e r e n t  from  what was found   i n   t he   ana lys i s   o f   t he   da t a  

co l l ec t ed   fo r   impac t s  of  0.175-inch  spheres  against   solutioned 

Udimet 700. 

2 

The d i f fe rences   tha t   have   been   c i ted   sugges t   tha t   the   c ra te r ing  

behavior of aged  Udinet TOO may be   compl i ca t ed   by   t he   i n s t ab i l i t y   t ha t  

i s  c h z r a c t e r i s t i c   o f   t h e   a g e d   c o n d i t i o n   o f   t h i s   a l l o y .  It i s  q u i t e  

FcssiSle t h a t   p h a s e   p r e c i p i t a t i o n  as a resul t   of   impact  may be 

i r i i t i a ted   In   aged  Udimet 700 as impact   veloci ty  i s  increased [18]. The 

p r e c i p i t a t i o n  of sigma phase  in  i t s  cha rac t e r i s t i c   baske t -weave   s t ruc tu re  

-a:r t e n d   t o   i n h i b i t   p l a s t i c   f l o w   o f   t h e  metal and it i s  p o s s i b l e   t h a t  

i r h i 5 i t i o n  of plastic f l o w  i n  cs metal may be   assoc ia ted   wi th   curva ture  

i n   t h e  crater-depth-versus-velocity p l o t  (see Sec t ion  1.5.1) .  A s  p a r t  

of a fu tu re   s tudy ,  it would b e   o f   i n t e r e s t   t o  look f o r  sigma  phase i n  

c ros s - sec t iona l   cu t s   o f   c r a t e r s   p roduced  a t  i n c r e a s i n g   v e l o c i t i e s .  
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UHlJ i  

FOINTS Value 95% Confidence Value 
CONSIDERED Found Range Found 

__I"" 

'3 belsw 
6000 cm/sec  0.01504  0.01122 t o  0.01886  -.000526e 

13 above 
6000 cm/sec  0.01165 0.01127 t o  0.01202  -.001013 

1 

SZCTION B. Average Linear Best-Fit  Equation 

95% Confidence 
Rmv 
" 

?OR 0.175-inch SPIIERES- 

-. 00205 t o  - .0000G56 

FOR 0.0938-inch SPHERES 

-. 000743 to 0.000418 

- .001508 t o  0.000454 

-. 001693 t o  -. 000333 

-" 
,"""_ 

145 

3 50 

870 I 

Range RATIO DEV. POINTS 
-I- 

""""""" ""_..""~"""""~ 
" "- 

h3 t o  945 17.6 0.0003? 7 
- - "_" ""~_". ""_ "." ""_ """"- 
-369 t o  658 1.42  0.00058 16 

-218 t o  919 0 0.00027 3 

312 t o  1427  2.13  0.00044 13 

/13 above 
16000 cm/sec 1 0.0116656 x lo-' I -0.00104119 892.530 
I 
/ A l l  Poin t s  1 0.0112414 x I -0.000190233 163.231 
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Curve f i t t i ng   o f   t he   da t a   po in t s   ob ta ined   i n   f i r i ngs   o f  0.0938-inch 

spheres  against aged Udimet 700 was car r ied   ou t   for  a l l  of   the   ava i lab le  

16 data   points .  The slope and intercept  of the straight-l ine  equation 

found  with  impact  velocity as the  independent  variable are given  in  

Table 6.14 A. The values  of  F-ratio  obtained,  in  conjunction  with thL 

nlnber   of   data   points ,   indicate   that   curvature  is not   s ignif icant .   This  

result i s  the  same as that  obtained.  for  impacts  of 0.0938-inch spheres 

against  both  solutioned Udimet. 700 and nickel.  This  consistent  observa- 

t i cn   scgges ts   tha t  work-hardening  produced by impacts  of  0.0938-inch 

sgheres  cay  be  less  extensive  than  that  produced  by  impact  of  0.175-inch 

spheres.  Unfortunately,  the  study of Section 5.4 was not  extended t o  

include  the  smaller   sphere  s ize .   This  is another area t h a t  needs 

fur ther   inves t iga t ion  and it is  suggested  that  a study  of  work-hardening 

produced by impacts of the  smaller spheres  should be made. 

Curve f i t t i n g  w a s  a l s o  carr ied  out   consider ing  that   the   three data 

polnts  obtained below 6000 cm/sec may be f i t  by  one s t r a i g h t   l i n e  and 

that   the   renaining  13  data   points  may be f i t  by a d i f f e ren t   s t r a igh t  

l ine.   Tie   calculated  s lopes ar.d in te rcepts   o f   the   bes t - f i t   equa t ions  

t k a t  were obtained,  with  impact  velocity as t h e  independent  variable, 

are  given  in  Table 6.14 A. The values  of  F-ratio found i n  obtaining  these 

equztions,   in  conJunction  with  the number of  data  points on which each 

equation is  based,   indicate   that   curvature  is not   s ign i f icant .  The 

slopes and intercepts  of  the  average  equations found f o r   t h e  groups  of 

data points  considered are given  in  Table 6.14 B. These  equations  are 

plotted  with  dashed  lines  in  Figure 6.5. 

The 95 percent  confidence limits on the   s lope   o f   t he   l i ne  found 

fo r   t he   t h ree   da t a   po in t s  at lowest  velocities  extend t o  2 25.4 percent 

of the   va lue  found. This  percentage  range,  in  comparison  with  the  range 

of 8.2  percent  for  impacts  of 0.0938-inch spheres  against   solutioned 

Udizet 700 below 6500 cm/sec, i nd ica t e s   t ha t   t he   s lope  of t he   bes t - f i t  
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l i n e   f o r   a g e d  Udimet 700 below 6000 cm/sec i s  known with less c e r t a i n t y  

t h a n   t h e   s l o p e   o f   t h e   b e s t - f i t   l i n e   f o r   s o l u t i o n e d  Udimet T O O  i n   t h i s  

veloci ty   range.  

The r a t i o   o f   t h e   s l o p e   o f   t h e   b e s t - f i t   l i n e  below 6000 cm/sec t o  

t h e   s l o p e   o f   t h e   b e s t - f i t  l i n e  above 6000 cm/sec i s  1.30.  This 

corresponds t o  a 30 percent   reduct ion  i n  slope  which  compares  closely 

wit2 t h e  29 percent   reduct ion i n  slope  found i n  t h e   c r a t e r i n g   c u r v e   f o r  

impacts of 0.0938-inch  spheres  against   nickel.   This  reduction  in  slope,  

as ir, the   case   o f   n icke l   and   so lu t ioned  Udimet 700, may be t h e  result o f  

vork-hardening. I f   t h i s  is t h e   c a s e ,   t h e r e  i s  no ready  explanat ion  for  

t h e   2 i f f e r e n c e   i n   t h e  extent of r educ t ion   i n   s lope   fo r   so lu t ioned  Udimet 

7C: a d  ae;E Udimet 700 because   the i r   work-hardening   charac te r i s t ics  are 

simi;u ( see   Table  5.3) and, i n  a d d i t i o n ,   t h e   t e n t a t i v e   a s s o c i a t i o n  of 

t ' r e   ex ten t   o f   reduct ion   in   s lope   wi th   the   asymptot ic   hardness  of a metal 

( see   Sec t ion  6.1.4) is rendered  questionable.  It i s  poss ib l e   t ha t   phase  

p r e c l p i t a t i o n  as a result of  impact may c o n t r i b u t e   t o   t h e   r e d u c t i o n   i n  

S i O F e  in   the   case   o f   aged  Udimet 700. 

I n s p e c t i o n   o f   t h e   v e l o c i t y   i n t e r c e p t s   g i v e n   i n   T a b l e  6.14 B shows 

tha t   t he   va lue   ob ta ined   fo r   po in t s   be low 6000 cm/sec i s  h ighe r   t han   t he  

value  obtained  for  a l l  o f   t he   da t a   po in t s   cons ide red   t oge the r .  However, 

t he   va lue   ob ta ined   fo r   t he   da t a   po in t s   above  GO00 cm/sec is  very much 

l a rge r   t han   t ha t   ob ta ined   fo r   t he   da t a   po in t s   be low 6000 cm/sec.  This 

suggests   that   the   high-veloci ty   branch of t h e   c r a t e r i n g   c u r v e   f o r   a c e d  

W i x e t  700 n a ~  b e   t r a n s l a t e d   t o   t h e   r i g h t   a l o n g   t h e   v e l o c i t y   a x i s   w i t h  

respec t  t o  the  low-veloci ty   branch  and  that   aged Udimet 700 may have  an 

elevetec?  Rrnacic   yield  s t rength.  

I n  s - m a r y ,  the   c ra te r ing   behavior   o f   aged  Udimet 700, l i k e   t h a t  

of sclutioned  Udinet 7 0 0 ,  i s  not  known with a h igh   degree   o f   cer ta in ty .  

There i s  a change in   s lope   (dec rease )  of  the   c ra te r -depth-versus-ve loc i ty  

p l o t  as impact   veloci ty  is  increased.  This change i n   s l o p e  may be  due 
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t o  -dark-hardening G r  t o   t h e   e f f e c t   o f   p h a s e   p r e c i p i t a t i o n  as t h e  result 

of i x7ac t .   S imi l a r ly ,   t he re  is  some evidence  which  suggests  that  aged 

Udi-et 700 may have  an  e levsted dynamic y i e l d   s t r e n g t h .  More experi-  

mental evidence is needed t o   s u b s t a n t i a t e   t h e s e   p o s s i b i l i t i e s .  The 

ex ten t   o f   phase   p rec ig i ta t ion  as the   resu l t   o f   impact   should   be   de te r -  

n inee  by s tudying   c ross -sec t iona l   cu ts   o f  craters produced i n  aged 

LIeiret 739 a t  i n c r e a s i n g   v e l o c i t i e s ,   a n d   t h e   p o s s i b i l i t y   o f   a n   e l e v a t e d  

d:rncyic y i e ld   s t r eng th   shou ld  be explored   by   pu l l ing   t ens i le   spec imens  

a t  reducee  temperatures.  

c. 1. z Alminm  3ased  U l o y  2024-0 Aluminum I /  

I t  was cons id -e red   des i r ab le   t o   be  able t o  compare t h e   c r a t e r i n R  

response of pure aluminum  and of an aluminum based   a l loy  w i t h  t h a t   o f  

Rickel and a n icke l   based   a l loy .  No c r a t e r i n g   d a t a   f o r   a n  aluminum 

based  a l loy were co l l ec t ed   i n   t he   p re sen t   s tudy   bu t   c r a t e r ing  data 

f o r  impacts of 0.5000-inch,  0.3125-inch,  and  0.2188-inch s tee l  spheres 

aga ins t  2024-0 aluminum were c o l l e c t e d   i n   a n   e a r l i e r   s t u d y  and  have 

been  tzbulated [TI. These  data ,  which are p l o t t e d   i n   F i g u r e  6 .6 ,  had 

zever beer, s u b j e c t e d   t o  a s t a t i s t i c a l   a n a l y s i s .   R e s u l t s  o f  n 

s t a t i s t i c a l   a n a l y s i s  o f  t h e s e   d a t a ,  which has  been made in   connect ion 
y5tk   the   cur ren t   s tudy ,  are presented  in   Table  6.15. 

Frolr. t h e  value of the   F - r a t io   and   t he  number o f   d a t a   p o i n t s  f o r  

ezch  sFhere  s ize ,  it w a s  found  that   the   data   points   for   0 .5000-inch  and 
,. - T o p  -. ~ - ~ - i c c h  spheres   a re  f i t  ben t   by   s t r a igh t   l i nes .  However, as i n   t h e  

case cf e lec t ro ly t ic   tough  p i tch   copper  (see Sect ion 6.1.31, t h e  

? - r a t io   o f   t he   bes t - f i t   l i ne   fo r   t he   0 .3125- inch   sphe res   i nd ica t e s  

s ign i f i can t   cu rve tu re .  However, i n   c o n t r a s t   w i t h  what w a s  found i n  t h e  

case   o f   e lec t ro ly t ic   tough  p i tch   copper ,   the   s tandard   devia t ion   found 

f o r   t h e  0.3125-inch  spheres is  not   lower   than   tha t   found  for   the   o ther  

two sphe re   s i ze s .  
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Flgure 6.6. Theoretical Curves and Experlmntsl Data for Impacts o f  Steel  Spheres Against 2024-0 Alminm Alloy. 



Table  6.15 

Resul t s  of B t n t i s t i c a l   A n a l y s i s  of  t h e  CraterinK D R t a  Obtained  for  2024-0 Aluminum Alloy 

SECTION A. Linear   Best-Fi t   Equat ion  for  Crater Depth as a Function of Impact  Velocity 

cm 
SPHERE NUMRER STD. F- VELOCITY  INTERCEFT.  CRATER-DEPTH  INTERCEPT.  cm , SLOPE OF LINE, 10”’ aec 
DIAM., 

POINTS Range Found Range Found Ranp;e Found inch 
OF DEV. RATIO 95% Confidence Value 95% Confidence Value 95% Confidence Value 

- 

0.5000 13 0.0731 0.0027 -10240 t o  1003 -6158 -0.oog915 t o  0.1777 0.083897 0.09890 to 0.1736 0.1362 

0.3125 

9 0.2188 , 0.07710 0.06485 to 0.08935  -0.008642  -0.03396 t o  0.01668 1121 -1867 to 5237 I 0.0014 0.0091 

7 0.0157 8.004 -166.4 to 5907 2414 -0.06374 to 0.002431 -0.03066 0.1079 to 0.1461 0.1270 

I I I I I I I 

SECTION B. Average Linear  Best-Fit   Equation 

* 
SPHERE 

seclcm cm/sec cm sec inch  
DIM. 

CONSTANT, k*, VELOCITY  INTERCEPT, CRATER-DEPTH  INTERCEPT,  SLOPE OF LINE, 

0.5000 

0.2605 x 1 0  -0.0335595 0.128810 x 10- 0.3125 

(-0.3461 X 10 ) 0.0520184 0.150310 x 
4 

4 

4 

0.118354 x loe4 

0.162280 x 

0.141801 x 

4 

0.2188 0.1530 x 1 0  -0.0120584 0.0788060 x 10- 
4 



From the  values  of  standard  deviation  given  . in  Table 6.15, t he re  is 

a l a rge  amount o f   s ca t t e r   i n   t he   da t a ;   t he   s t anda rd   dev ia t ion   fo r  each 

sphere  s ize  is l a rge r   t han   t ha t  found for  the  corresponding  sphere 

s i zes   i n   t he   ca se  of commercially  pure aluminum ( see  Table 6.2) .  It 

is possible  t h a t   t h e  less homogeneous metallographic  structure  of  an 

a l loy   in  comparison  with  the  structure  of a pure metal may account i n  

p a r t   f o r   g r e a t e r   s c a t t e r   i n   t h e   c r a t e r i n g  data of an a l loy .  However, 

c o q a r i s o n  of the  values  of s tandard  deviat ion found fo r  two sphere 

s i z e s   i n   t h e   d a t a   f o r  commercially  pure  nickel  (see  Tables 6.7 and 6.8)  

w i t h  those found f o r  the same  two sphere   s izes   in  t h e  data f o r   t h e  

nickel  based  alloy  Udinet 700 shows that  t h e   s c a t t e r  is less f o r   t h e  

nickel   based  a l loy  than  for   nickel .  T h i s  suggests t h a t  the   l a rge  amount 

of s c a t t e r  t ha t  e x i s t s   i n   t h e  eata f o r  2024-0 aluminum may be a t  least  

i n   p a r t  due t o  t h e  techniques  of   data   col lect ion t h a t  were  used. 

It is  informat ive   to   no te   tha t   the   va lue  of the   s tandard   devia t ion  

decreases as the  sphere  s ize   decreases   (see  Table  6.15).  Two considera- 

t ipns  suggest   that  t h i s  t rend may be r e l a t e d   t o   t h e  data co l lec t ion  

techniques  that  were employed. F i r s t  , on impact large spheres   intercept  

more gra ins   in   the  target metal  than small spheres   intercept .  On the  

basis of   th i s   cons idera t ion ,   c ra te r ing   da ta   for   l a rge   spheres   should  

show l e s s   s ca t t e r   t han   t hose   fo r  s m a l l  spheres.   Secondly,   in  the  case 

of a soft   metal   the  pointed  plunger,  which i s  a t t ached   t o  a d i a l  gauge 

and used t o  measure the  crater   depths ,   can  pierce t h e  metal a t  t h e  

Sotton  of a c ra t e r .  T h i s  e f f ec t  i s  more impor tan t   in   the   re la t ive ly  

shal lov  craters  produced by small spheres at any given  impact  velocity 

than  in  the  deeper  craters  produced by larger   spheres  at t h i s  ve loc i ty .  

On the basis of t h i s  considerat ion,   crater ing data for   l a rge   spheres  

should  also show l e s s   s ca t t e r   t han   t hose   fo r  small spheres. 

Iiejecting the  anomalous negative  value  of t h e  in te rcept   ve loc i ty  

found f o r  0.5000-inch spheres,  and basing  the  average  value  of   this  

quantity on t h e  data f o r  0.3125-inch  and  0.2188-inch spheres ,   the  
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experhentz l   va lue  of the   in te rcept   ve loc i ty  for impacts of s tee l   spheres  

q a i n s t  2024-0 aluminum a l loy  is 0.2 x 10 cm/sec (65.6 f t / s e c ) .  From 

t k e  l a rge   d i f fe rence   in   the   in te rcept   ve loc i t ies  fo r  these  sphere s i z e s  

in  Ta5le 6.15 B,  it can be seen  that   the  average  value i s  unre l iab le .  

'?':?e ve loc i ty   in te rcept  is  determined  by a d i f f e ren t  method in   Sec t ion  

' 4  

7.1. 

Only three   da ta   po in ts  (two  with use of 0.5000-inch and one  with 

Kse of 3.3125-inch spheres) were col lected a t  ve loc i t i e s  below 10,000 

cz/sec.  Tz5s makes it impossible t o  know whether or   not  a low-velocity 

. c r ~ ~ c h  of the  crater inq  curve,  which has a higher  value  of slope than 

%?.e values  given  in  Table 6.15, exis ts   for   impacts  of each  sphere s i z e  

LSPC aGalcst 2024-0 aluminum. More c ra te r ing   da ta  ir, the  low-velocity 

r a s e  will have t o  be co l l ec t ed   t o   e s t ab l i sh  whether or   not   the  

cratering  curve  for 2024-0  aluminum changes slope as o. r e s u l t  of work- 

ku2ening.  

Conparison of the   s lope   o f   the   average   bes t - f i t   s t ra ight   l ine   ( see  

Section 3 of TaSle  6.2)  of  the  alloy  with  that of the  pure  metal   yields 

the  following  information. The r a t i o  of t h e  slope found fo r   t he   a l loy  

t o   t h a t  found for  the  pure  metal  i s  0.5166 for 0.5000-inch spheres,  

0.7325 f o r  0.3125-inch spheres,  and 0.6176 f o r  0.2188-inch  spheres. 

The value of t h e   r a t i o   f o r   t h e  0.5000-inch  spheres i s  considered  to 

'ce unreliable  because of the  negat ive  intercept   veloci ty   associated 

---<t?. the   s lope   o f   the   bes t - f i t   l ine   for   c rn te r inf :  data obtained  for 

i r r -pcts  of  spheres o f  t h i s   s i ze   aga ins t  2024-0 aluminum. The average 

cf this r a t i o ,  Sased on the  other  two sphere   s izes ,  i s  0.705. 

Furthermore,  the  average  value  of  the  constant k*, based only on the  

values  found  for C.3125-inch  and  0..2188-inch spheres, is 0.1520 x 10 

sec/crn. Introducing  this  experimentally  determined  value  for IC* i n t o  

eq (2.23), it i s  found t h a t   t h e  numerfcal  constant k for   s teel-sphere 

impacts  against 2024-0 aluminum is 12.396. The average  value of t he  

constant k f o r  commercially  pure aluminum is 16.19 (see  Table 7.8). 

-4 
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As far as eq (2.21) is concerned, k is a numerical   constant  and 

shouid  not  be  found t o   v a r y .  From t h e   s t a t i s t i c a l   a n a l y s i s   o f  t h e  

c r a t e r i n g   d a t a   f o r   c o p p e r ,   t h e   v a l u e  of t h e   c o n s t a n t  k does  not  vary 

for pa" face-centered-cubic metals. The f a c t   t h a t   t h e   c o n s t a n t  k i s  

d i f f e r e n t   f o r  a pure  face-centered-cubic metal and f o r  one of  i t s  a l l o y s  

suggests t h a t  a dimensionless   quot ient  may be  missing from eq (2.21) and 
LL: LA:Ls quotient  i s  uni ty   for   pure   face-centered-cubic  metals. This 

Czecs ion le s s   quo t i en t  may b e   r e l a t e d   t o   t h e   i n h i b i t i o n  of p l a s t i c   f l o w  

-J:-L~c? i s  croduced 5y t h e   a d d i t i o n   o f   a l l o y i n g   c o n s t i t u e n t s .  The 

.y:estLon is cons ide red   fu r the r   i n   Sec t ion  7.4. 

Cratering  data  were  collected  for  only  one  hexagonal  close-packed 

m e t d ;   t h i s   m e t a l  is  high-purity  zinc.  These  data,  which are f o r  

i p a c t s  of 3.175-inch  and  0.0938-inch  spheres, are l i s t e d  in   Tab le  6.16. 
IRsTection  of  the  data  obtained  with  0.0938-inch  spheres  yields  the  infor- 

m a t i o n   t h a t   t h e   t h r e e   f i r i n g s  which r e s u l t e d  i n  c ra te rs   having   depths   o f  

0.0158, 0.0157,  and 0.0158 cm, r e s p e c t i v e l y ,   a p p e a r   t o  be invo lved   i n  

ve loc i ty   i cve r s ions .  However, i n s p e c t i o n   o f   t h e   p l o t   o f   t h e   c r a t e r i n g  

da ta   fo r   z inc  shown in   F igu re  6.7 sugges t ed   t ha t  a change i n   s l o p e  may 

occur iI? the   ve loc i ty   r ange   ove r  which t h e s e   p o i n t s  were c o l l e c t e d .  

Curve f i t t ing  with  use  of   the   computer   program was performed (21) 

3"  ~ - - - _ _  = - OK all 12 data   polnts   obtained  for   0 .175-inch  spheres  and f o r  a l l  

23 d a t a  p o i n t s  ob ta ined   for  O.Cg38-inch spheres .  The r e s u l t s  a re  given 

ir; "ijles c.17 and 6.18. From Table 6.17, it can   be   s een   t ha t   t he  

?-ratio  for  9.175-inch  spheres i s  12.87 f o r   t h e  1 2  da t a   po in t s .   Th i s  

v d u e  of t h e   F - r a t i o   f o r  1 2  d a t a   p o i n t s   i n d i c a t e s   h i g h l y   s i g n i f i c a n t  

curva ture ;   the   curva ture  i s  convex  toward t h e   v e l o c i t y   a x i s .  From 

Table 5.18 it can be seen   t ha t   t he   F - r a t io   fo r   0 .0938- inch   sphe res  is  

4.cJOO f o r  20 da ta   po in ts .   This   va lue   o f   the   I? - ra t io   for  20 d a t a   p o i n t s  

i n d l c a t e s  t ha t  curvature  is s i g n i f i c a n t .  
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Table 6.16 

Cratering Data  for High-Purity  Zinc 

Measured Corrected Crater 
Velocity Velocity, Depth,  Special  Circumstances 
cm/sec .cm/sec 

""""" Sphere  Diameter 0.4445 cm (0.175 inch) ...................... 

6173  5929 2 1  0.0313 
98 54 9513.43  0.0463 
11080 10707.2 0.0522 Smooth-bore  gun;  specimen 1 in. thick 

13060  12635.1 0.0621 
1L850  14378.1 0.0702 Smooth-bore  gun  employed 

l7890 17328.4 0.0866 Smooth-bore  gun  employed 
19639 19032.4 0.0934 

3319 3150.24 0.017 

11310  10931.2  0.0531 Smooth-bore gun  employed 

16570 16052.9  0.0784 

2275C 22070.4 0.1078 
27h30 26627.4 0.134 

---------- Sphere  Diameter 0.2383 cm (0.0938 inch) ..................... 
1360 1242.74 0.0036 cm 
1520 1398.53 0.006 Not  used  in  curve  fit  below 9000 sec 

- 
2990  2829.89 0.0088 Not  used  in  curve  fit  below 9000 " 

5270 5049.95 0.0158 Not  used  in  curve  fit  below 9000 " 

5880  5643.91 0.0157 
6010  5770 49 0.0158 
7990  7698.44 0.0217 
10920  10551.4 0.0279 
11920  11525.1 0.0302 
14890 14417. 0.0368 
15070 14592.3 0.0378 
15340 14855.2 0.0383 

23310 19691.5 0.0501 
22933 22245.7 0.0563 

17660 17114.2  0.0432 

23570 23160.9 0.0583 
2h063  23346. 0.0596 
25790 25030.5 0.0653 
26370 25595.2 0.0664 
28490 27659.5 0.0724 
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Table 6.17 
Results of Statistical  Analysis of Craterinq  Data  Obtained for Pure  Zinc  Using  0.175-inch  Spheres 

SECPION A. Linear  Best-Fit  Equation fo r  Crater  Depth  as  a  Function of Impact  Velocity 

DATA 
POINTS 
CONSIDERED 

2 below 
9000 cm/sec 

10 above 
9000 cm/sec 

All 12 
data  points 

7 
SLOPE OF LINE, sec 

Range Found Found 1 Range 
Value 955  Confidence Value Value 95% Confidence 

VELOCIT  CRATER-DEPTH  INTERCEPT,  cm 

Found 

0,.05146 

438.5 -.004197 to -.0002423 -.002220 0.04944 to 0.05180 0.05062 

-153.4 "-  "- 0.0007895 -" "- 

0.04932 - 35.6 -.001710 to 0.002062 0.0001756 0.04809 to 0.05054 

SECTION B. Average  Linear  Best-Fit  Equation 

INTERCEPT, 
95% Confidencc 

Range 

cm 

57.6 to 819.4 

-418.8 to  347.6 

-I- 

F-RATIO I STANDARD I i DEVIATION 

2.304 0.0009703 

12.87 0.0013545 

~~ 

I DATA  POINTS SLOPE  OF  LINE, I CRATER-DEPTH  INTERCEPT, VELOCITY  INTERCEPT, 
CONSIDERED sec cm cm/sec  sec  jcm I 

CONSTANT, k* 

2 below 
9000 cm/sec 

-0.00226342 0.0506498 x 10"' 9000 cm/sec 
10 above 

0.000789522 0.0514578 x 

A l l  12 
data  points 0.000122420 0.0493556 x 

-0.0153431 x 10 4 0.115766 x lom4 

4 0.0446876 x lo4  0.113948 x 10- 

-0.00248037 X 10 4 0.111036 x 10- 4 



Table 6.18 

R e s u l t s   o f   S t a t i s t i c a l   A n a l y s i s   o f   C r a t e r i n g  Data Obtained  for  Pure  Zinc  Using  0.0938-inch  Spheres 

SECTION A.  Linear   Rest-Fi t   Equat ion  for  Crater Depth as a Function  of  Impact  Velocity 
~~ 

D.ZTA 
POINTS 
CONSIDERED 

4 below 
9000 cmlsec 

13 above 
9000 cm/sec 

A l l  20 
d a t a   p o i n t s  

SLOPE OF LINE, sec CRATER-DEPTH  INTERCEPT,  cm VELOCITY INTERCEPT, 
cm 

F-RATIO 
Value 

Range Found Range Found Range Found 
95% Confidence Value 958 Confidence Value 95% Confidence 

0.02783 3.394 -253.8 t o  225.7 -14.011  .no06265 t o  .0007046 .00003906 0.02664 t o  0.02901 

0.02573  21.617 -645.9 to 647.4 0.731 -.Of31666 t o  .0016619 -.0000019 0.02489 t o  0.02656 

STANDARD 

DEVIATION 
~~ 

0.0002805 

0.0008221 

0.02499 I 0.02450 t o  0.02547 1 .00158964 1 .0007956 t o  .0023836 I -636.2 1 -964.5 to -307.81 4.900 I 0.0009233 
SECTION B. AveraRe Linear  Best-Fit  Equation 

DATA POINTS 

CONSIDERED 

SLOPE  OF LINE, 
sec  

CRATER-DRPTII  INTERCEPT, CONSTANT, k , VELOCITY INTERCEPT, 
* 

cn seclcm cmlsec 

4 below 
9000 cmlsec I 0.0278398 x 10- 
13 above i 
9000 cmlsec j 0.0257639 x 10- I 

4 

4 
, 

o .0000326310 

-0.000073092 

A l l  20 
d a t a   p o i n t s  1 0.0250088 x 10- 0.00156000 

I 

0.00117210 x 10 4 

0.00283699 x 1 0  

4 

4 

-0.0623780 x 10 

0.116850 x 10- 

0.108137 X lom4 

4 

0.104968 x 



Inspec t ion   of   p lo ts   o f   the   da ta   po in ts   in   F igure  6.7 with  the  help 

of a s t r a i g h t  edge w a s  informative. It suggested  that   the   curvature  

indicated by the  F-rat ios .  may be   the  result of a displacement  of  data 

points  obtained above 9000 cm/sec. Th'e displacement i s  such t h a t  ex- 

t rapola t ions  of the  curves   for   these  data   points   intersect   the   veloci ty  

axis zt a higher  value of impact veloci ty   than i s  found for  extrapola- 

tions cf the  curves t h a t  f i t  t h e   d a t a   b e l m  9000 cm/sec. No change i n  

the  densi ty  o r  sound  speed of t h e  metals is expected t o   t a k e   p l a c e ;  

consequently,   with  reference  to  eq  (2.33) , the  displacement  of  the 

crater ing  curve  suggests   that  at ve loc i t i e s  above 9000 cm/sec zinc may 

have an elevated dynamic y ie ld   s t rength .  The F- ra t io   for   the  0.0938-inch 

spheres   indicated  that   curvature  w a s  just s i g n i f i c a n t   a n d ,   f o r   t h i s  

sphere s i z e ,  the  displacement  of  the  points above 9000 cm/sec with 

r e spec t   t o   t he   po in t s  below 9000 cm/sec is much less marked. 

f i t t i n g  of t he   da t a   po in t s  above  and  below  9000  cm/sec was 

performed f o r  each  sphere s i ze .  In   the  case  of   the   data   points   obtained 

a t  ve loc i t i e s  below 9000 cm/sec with  0.0938-inch  spheres,  three  data 

F i , n t s  rt ve loc i t i e s  of 1398.53,  2829.89, and 5049.95  cm/sec  were deleted 

because i n  the   p lo t  of Figure 6.7 these  points  show considerable   scat ter  

wi th   respec t   to   the   o ther   da ta   po in ts  below 9000 cm/sec. The r e s u l t s  

of the   curve   f i t t ing  are given in   Tables  6.17 and 6.18. 

From the   t abu la t ed   da t a ,  i.t can be  seen  that   for   each  s ize  of 

sphere  there is very l i t t l e  difference  in  the slopes  of  the  best-fi t  

l i n e s  above  and  below 9000 cm/sec; f o r  0.175-inch  and  0.0938-inch 

spheres,   the  changes  in  slope are 1.6 and 7.5 percent  decreases,  respec- 

t i ve ly .  On the   o the r  hand, it can  be  seen  that   for  each  size of  sphere 

there  is a marked increase   in   the   ve loc i ty   in te rcept   for   the   da ta  

points  above 9000 cm/sec as compared with  the  veloci ty   intercept   for  

the   da ta   po in ts  below 9000 cm/sec. This is the   r e su l t   o f   t he   d i sp l ace -  

ment of  the  high-velocity  branch  with  respect  to  the  low-velocity 

branch of the  crater ing  curve and p o i n t s   t o   t h e   p o s s i b i l i t y   t h a t   z i n c  
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=a;. have  an  elevated clynamic y i e ld   s t r eng th   fo r   impac t s   de l ive red  a t  

ve loc i t ies   above  9000  cm/sec.  Nore w i l l  be  ,,id a b u t   t h i s   i n   S e c t i o n  7. 

I n   t h e   c a s e   o f   t h e  1 0  da ta   po in t s   co l l ec t ed   w i th  use of 0.175-inch 

spheres  above 9000 cmjsec ,   the   va lue   o f  2.304 f o r   t h e   F - r a t i o   i n d i c a t e s  

that   curvat-are  is  not   s ignif icant .   Because  only  two data p o i n t s  were 

collected  with  the  use  of  0.175-inch  spheres  below 9000 cm/sec, 

curvatare   in   the  low-veloci ty   branch o f  t he   c r a t e r ing   cu rve   canno t   be  

assesses .  On t h e   b a s i s   o f   t h e   a v a i l a b l e   i n f o r m a t i o n ,  it appea r s ’   t ha t  

t h e   c u n a t u r e  which was found when a l l  1 2   d a t a   p o i n t s  were c u r v e   f i t t e d  

toge ther  was produced by a displacement  between two s t r a i g h t   l i n e s .  

%e value of 3.394  found f o r   t h e   F - r a t i o   o f   t h e  4 data p o i n t s  

ccliec5e.’ w i t k  0.0938-inch  spheres  below 9000 cm/sec a l s o   i n d i c a t e s  

5hzt curva’,ure i s  n o t   s i g n i f i c a n t .  However, t h e   F - r a t i o   f o r   t h e  data 

?zic+s  collected  with  0.0938-icch  spheres  above 9000 cm/sec  has a value 

x k 5 c k  I zd ica t e s   t ha t   cu rva tu re  i s  h i g h l y   s i g n i f i c a n t .  To c l a r i f y   t h i s  

~ ~ o - - . a l c u s  observat ion,  more c r s t e r i n g   d a t a   f o r   z i n c  above 9000 cm/sec 

s5czlZ ‘ce co l lec ted   wi th   use  of‘ 0.0938-inch  spheres. 

Tifie e q e r i n e n t a l   v a l u e   o f   t h e   c o n s t a n t  k for   h igh   pur i ty   z inc   can  

he  calculated from  eq  (2.23)  with  use  of  the  experimental   value of t h e  

constant  k*. On s u b s t i t u t i n g   t h e   v a l u e s   o f   t h e   c o n s t a n t  k* given   in  

Tables  6.17 and. 6.18 i n t o   e q  (2.231, t h e   v a l u e s  of t he   cons t an t  k were 

fount t o   b e  as follows: for  0.175-inch  spheres  below 9000 cm/sec, 
3 -  :. i s  11. k1; f o r  C.0938-inch spkeres  below  9000  cm/sec, k is  11.52; 

fer 3.175-inch  spheres  above 9000  cm/sec , k is  11.24;  for  0,0938-inch 

32:?2res  zbove 3000 cm/sec, k i s   10 .66 .  The average  value of t h e  
”.- ,,.,star,t i. belo;. 9000 cm/sec i s  11.46 and the   average   va lue  of t h e  

C0”‘ ,ut k above gQOG cm/sec i: 10.95. 

3n t h e  3asis of the   ave rage   va lues   o f   t he   cons t an t  k above  and 

Selow 9000 cc / sec ,   t he   dec rease   i n   s lope  is  4.5 percent .  A decrease 

Ir. s lope  was a sc r ibed   t o   work -ha rden ing   o f   t he   t a rge t  metal ( s e e  

Fection 6 .1 .4)  and it was sugges t ed   t ha t   t he   change   i n   s lope  of two 
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I 

metals due t o  work-hardening may vary  inversely as t h e i r   a s y m p t o t i c  

hardress  (see Sect ion 6.1.6). The r a t i o   o f  4.5 percent  reduction  found 

f o r   z i n c   t o  29 percent   reduct ion   found  for   n icke l  i s  0.16. The 

asyxpto t ic   hardness   o f   n icke l  is 57.03 and tha t   o f   z inc  i s  31.88. The 

r a t i o  of the   asymptot ic   hardnesses   for   n icke l   and   z inc  i s  not   the  same 

as t h e   r a t i o  of  t h e   r e d u c t i o n s   i n   s l o p e  as was found i n   c o n s i d e r i n ?  

n i c k e l  and so lu t ioned  Udimet 700 (see Sect ion 6.1.6). Perhaps  aBreement 

could   no t   log ica l ly   be   expec ted   in   v iew  of   the   fac t   tha t   z inc  and. n i c k e l  

2 i f f e r   i n   l a t t i c e  Dacking type whereas Udimet 700 is  a nickel-based 

allo:: w i th  t h e  same l a t t i c e   p a c k i n g   t y p e  as i t s  major   cons t i tuent .  

6 . 3  3odv-Centered-Cubic Metals 
I 

Cra te r ing   da t a  were c o l l e c t e d   f o r  two body-centered-cubic  metals. - -.lese zetals a r e  Arnco i ron  and  arc-cast   tantalum. 

6.3.1 A r m 0  I ron 

Crater ing  data   for   impacts   of   0 .175-inch  and  0 .0738-inch  s teel   spheres  

a g z i n s t  Arrnco i r o n  are l i s t e d   i n   T a b l e  6.19. Inspec t ion  of t h e   d a t a   f o r  

0.0938-inch  spheres i n  Table 6.19 shows the   p resence   o f  two veloci ty-depth 

inversions.  The 0.024-cm-deep c r a t e r  was formed at a lower   ve loc i ty   than  

the  shal lower 0.0226-cm-deep c r a t e r  and t h e  0.0453-cm-deep c r a t e r  w a s  

fornee a t  a lower   ve loc i ty   than   the   sha l lower  0.045-cm-deep c r a t e r .  The 

c r a t e r s   t h a t  are 0.0226  cn  and O.Cr453 cn  deep  appear t o   b e   o u t  of l i n e  

w i t h  t h e   o t h e r  data p o i n t s ;   t h e y  were not   cons idered   in   de te rmining   the  

S e s t - f i t   c u r v e   f o r   t h e   d a t a .  

C w e   f i t t i n g   w i t h   u s e   o f   t h e  computer  program ( 21) was performed 

f irst  on a l l  12   da ta   po in ts   ob ta ined   wi th   use  of 0.175-inch  spheres 

w.d on 18 data   po in ts   ob ta ined   wi th   use   o f   0 .0938- inch   spheres .  The 

results are given i n  Tables  6.20  and  6.21. From Table  6.20 it can be 

seen   tha t   the   F- ra t io   for   0 .17 ' j - inch   spheres  i s  115.37 f o r   t h e  12 d a t a  

po in t s .   Th i s   va lue   o f   t he   F - r a t io   fo r   12   da t a   po in t s   i nd ica t e s   h igh ly  
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Table 6.19 
Crater ing  Data f o r  Armco I r o n  

!.leasure& Corrected 
Veloci ty ,   Veloci ty ,  Crater Depth, 

crr./sec cn/sec cm Special   Circumstances 
"""~""""""" Sphere  Diameter 0.4445 cm (0.175 inch)---------------------- .. - 

.~ 

Smooth-bore w n ;  specimen 1 i n .   t h i c k  

Smooth-bore gun  employed 

Smooth-bore  gun  employed 

Smooth-bore gun  employed 

,C73L 15013.9  0.0516 - /-" 

17 5 23 17336.3  0.0556 

:35?3 18983.7 0.0623 

22e33 22148.3  0.0745 
27LSO 26676.  0.0933 
"""""""""" SDhere  Diameter 0.2383 cm (0.0938 inch)-------------------- 

1362  1244.69 0.0019 

14i6 1297.27 0.0022 

-~ " L  2744.2 0.0054 7 on3 

"-" - , - . ,  - . ,$  3576.72 0.0074 
51% 5337.97 0.0095 

t 2 i  I 6369. b 2  0.01 

7575 7 5 9 . 3 9  0.012!, 

l Z 6 2 C  10253.3 0.0166 

T" -? 

12170 11768.5 0.0202 

11450 13988.6 0.024 

14770 14300.2 0.0226 

l5303 14825. 0.0255 

17620 17075 3 0.0298 
20713 20084. 0.0348 

23253 22372.2 0.0396 

2 3 3 9  23180.4 0.0402 

2:3:0 23589.4 0.0408 

Not used   in   curve  f i t  below 10550 cm/sec 

Not used   in   curve  f i t  below 10550 cm/sec 

Not u s e d   i n   c u r v e   f i t t i n g   p r o c e s s e s  
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Table 6.19 (Cont'd.) 

25139.4 

25OC6.8 
27633.3 

0.0453 

0.045 
0.0494 

Not used i n  curve  f i t t ing  processes  
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T n b l c  6.20 

R e s u l t s  of S t n t i s t i c n l   A n a l y s i s  of Crater inp;   Dutn for  Armco I r o n  UsinC; 0 .175-inch  Spheres  

SECTION A.  L inea r   Bes t -F i t   Equa t ion  for Crater Depth As a Funct ion  of Impnct   Veloci ty  
- 

SLOPE OF LINE, 10- s e c  

Value 
CONSIDERED 

4 below 

8 above 

0.03185 t o  0.03235 i Value 
Found 

-. 0003672 

-. no59618 

-. 003179 i 
SECTION B. Average L inea r   Bes t -F i t   Equa t ion  

CONSIDERED 

4 below 
10550 cm/sec 

! 8  above 
; 10550 cm/sec 

All 12 
d a t a   p o i n t s  

SLOPE OF LINE, 
s ec 

0.0321005 x 10- 4 

0.0371007 X 

0.0351238 x I 
95% Confidence 

Range  Found 
" 

-.0005602 t o  -.0001741 114.4  

-. 0097111 to -. on47125 1.878.8 

-.005108 to -.001249 906.4 

CRATER-DEPTH INTERCEPT, 
cm 

-0.000367497 

-0.00704348 

-0.00325698 i 
1210.98 t o  2546.7  68.22 0.001035C I I  

385.4 t o  1427.4)ll5.3710.001389? 

VELOCITY INTERCEPT, 
cm/sec 

0.0114483 x 1 0  
4 

CONSTANT, k* , 
sec/cm 

0.0722171 X 

0.0834661 x 

0.0790187 x 10- 4 

I 

I 



Table  6.21 

Resul ts   of   Stat is t ical   Analysis  of Crater ine Data f o r  Armco Iron Using  0.0938-inch  Spheres 

SECTION A.  Linear  Best-Fit  Equation  for  Crater DeDth as a Function  of Impnct Velocity 
~ ~~~~ 

4 cm I 

DATA 
SLOPE OF LINE, 10- sec CRATER-DEPH INTERCEPT, CPI 1 VELOCITY  INTERCEPT, F- i STANDARD , I 

POINTS Value ' 95$ Confidence 955 Confidence Value 95% Confidence 
I Range Found Found j Range Ranee CONSIDERED 

DEVIATION i RATIO 
I 1 E:: , I 

I I I 
6 below 
10550  cm/sec 

10  above 

-130.6 t o  134.3 0.180 1 0.0001358 1 1.88 -.n002182 t o  -.0002121 -.000003051 0.01624 i 0.01590 t o  0.01658 

10550 cmjsec 629.3 , 2.93 t o  1255.8 -.0022937 t o  0.0000789b -.00113240 0.01743 t o  0.01855 0.01799 
I 

I I 
i 

0.01721 t o  0.01794 i -.00030?91 I -.0008853 t o  0.00026550 1 176.34 1 -148.0 t o  500.71 6.526 1 0.0006682 1 
SECTION B. Average Linear Best-Fit  Equation 

DATA POINTS I SLOPE OF LINE, 1 CRATER-DEPTH  INTERCEPT, VELOCITY INTERCEPT , 
seclcm sec cm cnjsec CONSIDERED 

CONSTANT,k*, 
I 1 

I 

I I 

6 below 
10550 cmlsec 

1 0  above 

-0.00000h98994 0.000307172 x 10 0.0162448 x 10- 4 4 
0.0681833 x 

0.0755960 x loe4 
I 

10550  cmjsec 0.018010g x 10- 4 l  -0.00116752  0.0648230 x 10 
! 
1 

A l l  18 
i 

4 4 1  
data   points  I 0.0175896 x 10- -0.000329775 0.0187483 x 10  i 0.0738277 x 10- i 

I 

4 



s t g n i f i c a n t   c u r v a t u r e ;   t h e  curvature is  convex  toward  the  veloci ty  axis. 

Frorr. Table  6.21 it can   be   seen   tha t   the   F- ra t io   for   0 .0938- inch   spheres  

is 6.526  for  18 da ta   po in ts .   This  value o f   t h e   F - r a t i o   f o r  18 d a t a  

po in t s   i nd ica t e s   t ha t   cu rva tu re  is  s i g n i f i c a n t ,  

In spec t ion   o f   p lo t s   o f   t he   da t a   po in t s   i n   F igu re  6.8 sugges t ed   t ha t  

t k e  c - s Ja tu re   i nd ica t ed   by   t he   F - r a t io s  may b e   t h e   r e s u l t   o f   a n   i n c r e a s e  

i n  s l o p e  o f   t h e   b e s t - f i t   l i n e s  for t h e   d a t a   p o i n t s   o b t a i n e d  a t  

v e l o c i t i e s  above  10550  cm/sec. As a consequence   of   the   increase   in  

s lope ,   ex t r apo la t ions   o f   t he   cu rves   fo r   t hese  data p o i n t s   i n t e r s e c t   t h e  

v e l o c i t y  axis a t  a higher   value of impact   veloci ty   than is found  for  

ex t r apo lz t ions   o f   t he   cu rves   t ha t  fit t h e   d a t a  below 10550 cm/sec. 

Secause no change   in   the   dens i ty   o r   sound  speed  of t h e  metals i s  

e G e c t e d   t o   t a k e   p l a c e ,   r e f e r e n c e   t o   e q   ( 2 . 3 3 )   s u g g e s t s   t h a t   t h e  

I z c r e a s e   i n   s l o p e   o f   t h e   c r a t e r i n g   d a t a  at velocit ies  above  10550  cm/sec 

xzy Ye assoc ia ted   wi th  an e leva ted  dynamic y i e l d   s t r e n g t h .  

h r v e   f i t t i n g  of  the  data  points  above  and  below  10550 cm/sec was 

Fer?s-?zeC for   each   sphere  s i ze .  In   t he   ca se   o f   da t a   po in t s   ob ta ined  a t  

v e l c z i t i e s  Selow  10550  cm/sec with  0.0338-inch  spheres, two a d d i t i o n a l  

2ata p o i n t s ,  at v e l o c i t i e s  of 2744.2  and  3576.72  cm/sec, were d e l e t e d  

Secause   i n   t he   p lo t   o f   F igu re  6.8 t h e s e   d a t a   p o i n t s  show considerable  

s c a t t e r   w i t h   r e s p e c t   t o   t h e   o t h e r   d a t a   p o i n t s  below  10550  cm/sec.  The 

r e s u l t s  of  t h e   c u r v e   f i t t i n g  are given  in  Tables  6.20  and  6.21. 

From t h e   t a b u l a t e d   d a t a ,  it can   be   s een   t ha t ,   f o r   each   sphe re   s i ze ,  

t h e r e  is a n o t a b l e   i n c r e a s e   i n   t h e   s l o p e   o f   t h e   l i n e ;   i n   t h e   c a s e  of 

%he  data  for  0.175-inch  spheres , it is  15.6 pe rcen t   and   i n   t he   ca se   o f  

:?;e d a t a   f o r  0.0938-inch  spheres it i s  10.9 percent.   These  percentage 

z?x?ges are h igher   than   the   percentage   chances   repor ted   for   z inc   and  

they =e i nc reases   r a the r   t han   dec reases  as was found i n   t h e   c a s e  of 

zixc.  As a consequence   of   these   increases   in   s lope ,   there  i s  a marked 

increase  i n  t h e   v e l o c i t y   i n t e r c e p t   f o r   t h e   d a t a   p o i n t s   c o l l e c t e d  a t  
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- - - -Threshold o f  Dynamic Behavior - 0.14 
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---“Average Best-Fit Equation - Theoretical Equation 0.13 

- 0.12 
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A = 0.175-Inch Spheres R = 0.0938-Inch Spheres - 

Impact Velocity,  an/sec 

Figure 6.8.  Theoretical Curves and Experimental Data for Impacts of  Steel Spheres Aqainst Anco Iron .  



v e l o c l t i e s  zbove  10550 cm/sec w i t h   r e s p e c t   t o   t h e   d a t a   p o i n t s   c o l l e c t e d  

a t  v e l o c i t i e s  below  10550  cm/sec for   each   sphere  s i z e .  As noted  above, 

t h i s  result p o i z t s   t o   t h e   p o s s i b i l i t y  that  i r o n  may have  an  elevated 

S:.-R~Y:C y ie ld   s t reng$h  for   impacts   de l ivered  a t  ve1oci t ies"above 

A 7355.2 cz/sec.   See  Section 7 f o r  a f u r t h e r   d i s c u s s i o n   o f  this p o i n t .  

I n  t t e  case   o f   the   da ta   co l lec ted   wi th   0 .175- inch  spheres, t h e  

P - ra t i c   fo r   t he   po in t s   t ha t   were   co l l ec t ed   be low 10550 cm/sec is 

23.32  and t k L a t  fo r   the   po in ts   co l lec ted   above   10550  cm/sec  i s  68.22. 
For :?.e nmSer of   da ta   po in ts   cons idered ,   the   va lue  of t h e   F - r a t i o   f o r  

t h e  poiz ts   co l lec ted   be low  10550  cm/sec   ind ica tes   tha t   curva ture  i s  not 

s i g x i f i c a n t   b u t   t h a t   f o r   t h e   d a t a   p o i n t s   c o l l e c t e d  above  10550  cm/sec 

i r 2 i c a t e s   t h a t   c u r v a t u r e  i s  h ighly   s ign i f icant .   This   observa t ion  is  

$?e s m e  as t h a t  Kade in  the  case  of  impacts  of  0.0938-inch  spheres 

zzEinst  both  zinc  and  aged Udimet 700 in   the   h igh-ve loc i ty   b ranches   o f  

%e i r   c r a t e r ing   cu rves .  

Ir, the   case   o f   the   da ta   co l lec ted   for   impacts   o f   0 .0938- inch   spheres  

e e a i n s t   i r o n ,   t h e   v a l u e  of t h e   F - r a t i o   f o r   t h e  6 points  below  10550 

c r / s e c  is  0.180. This   value of t h e   F - r a t i o  i s  n o t   s i g n i f i c a n t  for t h e  

r;ucSer o f   po in t s   cons ide red .   S imi l a r ly ,   fo r   t he  1.0 d a t a   p o i n t s   c o l l e c t e d  

a5ove  10550  cm/sec, t h e   v a l u e   o f   t h e   F - r a t i o  i s  1.158 and t h i s   v a l u e   o f  

t h e   F - r a t i o   f o r   t h e  number of   po in ts   cons idered  i s  a l s o   n o t   s i g n i f i c a n t .  

The f ind ing   o f   no   cu rva tu re   i n   e i t he r   t he   l ow-ve loc i ty   o r   t he   h igh -  

v e l o c i t y   b r a n c h   o f   t h e   c r a t e r i n g   c u r v e   i n   t h e   c a s e  of t h e  small sphe re  

s i z e   s u g g e s t s   t h E t   t h e   f i n d i n g   o f   h i g h l y   s i g n i f i c a n t   c u r v a t u r e   i n   t h e  

high-velocity  branch  for  0.175-inch  spheres may poss ib ly   be   acc iden ta l .  

Ir;s?ectior, of t h e   ? l o t  of t h e   d a t a   i n   F i g u r e  6.8 i n d i c a t e s   t h a t  i f  t h e  

s ing le   po in t   ob ta ined  at a v e l o c i t y  of 26676 cm/sec were t o   b e   d e l e t e d  

t h e   c u r v a t u r e  would vanish.  It i s  p o s s i b l e   t h a t   t h i s   d a t a   p o i n t  i s  

s u b j e c t   t o   e r r o r   o r   e v e n   t h a t  it may mark the   onse t   o f  a f u r t h e r  

i nc rease  i n  yield  s t rength  accompanied by a f u r t h e r   i n c r e a s e   i n   s l o p e .  For 
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c l a r i f i c a t i o n ,  more d a t a   s h o u l d   b e   c o l l e c t e d   f o r   i r o n   i n   t h i s   v e l o c i t y  

ranGe. 

The e q e r i m e n t d   v a l u e s   o f   t h e   c o n s t a n t  k can be calculated  f rom 

eq  (2.23)  with  use of the   expe r imen ta l   va lues   o f   t he   cons t an t  k*. Sub- 

s t i t u t i o n  of t he   va lues   o f   t he   cons t an t  k* given  in  Tables  6.20  and  6.21 

?:rrJci.cced the   fo l lo- r ing   va lues  of t h e   c o n s t a n t  k f o r   i r o n :   f o r  

3.;75-izcil spheres  below lo550 cm/sec, k is 8.53; f o r  0.0938-inch  spheres 

5elc-i 10550  cm/sec, k is 8.06;  for  0.175-inch  spheres  above  10550  cm/sec, 

k i s  3.86; fo r  0.0938-inch  spheres  above  10550  cm/sec, k is  8.93. The 

average   va lue   o f   the   cons tan t  k below 10550 cm/sec i s  8.3 and   t he  

average  value of t h e   c o n s t a n t  k above  10550 cm/sec i s  9.4. The  chanee 

in   t he   ave rage   va lue   o f   t he   cons t an t  k r e p r e s e n t s  a 13.3 pe rcen t   i nc rease  

i n  slope. 

Cratering  data  for  impacts  of  0.175-inch  and  0.0938-inch s teel  

sp te res   aga ins t   t an ta lum are l i s t ed   i n   Tab le   6 .22 .   In spec t ion  of t h e  

2atr- f c r  C.3938-inch spheres   in   Table   6 .22 shows the   p resence  of two 

veloclt:.r-de>th  inversions. The agreement of t h e s e   d a t a   p o i n t s   w i t h  

t k e   o t h e r   d a t a   p o i n t s   c o l l e c t e d  w a s  considered t o  be s u f f i c i e n t l y  good 

t o   i n c l u d e  them in   t he   cu rve - f i t t i ng   p rocedure .  

Curve f i t t i ng   w i th   u se   o f   t he   compute r  program ( 21) was performed 

f i r s t  on a l l  11 data poin ts   ob ta ined   wi th  use of  0.175-inch  spheres  and 

on a l l  18 da ta   po in ts   ob ta ined   wi th  use of  0.0938-inch  spheres. The 

r e s u l t s  are given  in  Tables  6.23  and  6.24. From Table 6.23,   the   F-rat io  

for  3.175-inch  spheres is 16.9997 f o r   t h e  11 da ta   po in t s ,   and  from 

T2ble 6.24, t h e   F - r a t i o   f o r  0.0938-inch spheres  i s  20.815 f o r   t h e  18 
da ta   po in t s .   30 th   o f   t hese  values o f   F - r a t i o ,   f o r   t h e  numbers of 

?tints cons ide red ,   i nd ica t e   t ha t   cu rva tu re  is h i g h l y   s i g n i f i c a n t .  

h s 2 e c t i o n   o f   p l o t s   o f   t h e   d a t a   p o i n t s   i n   F i g u r e  6.9 sugEes ted   tha t ,  

as ir t:?e case   o f   i ron ,   t he   cu rva tu re   i nd ica t ed  by t h e   F - r a t i o s  may be 
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Tzble 6.22 

Cra te r ing  Data for   Tantalk. .  

Yeasure?  Corrected 
Veloc i ty ,   Veloc i ty ,  Crater Depth, 

c n / s e c   c d s e c  cm Special  Circumstances. . . 
~ - . - - - . - - ." . . ". . - 

""""""""""~  here Diameter 0.4445 cm (0.175incl~)--------------------.--.-- 

3 32c 3151.21 0.0094 
"<, 5252.2 O . O l P J 4  
" ?:lo. 5: 0 .  e290 

r 
" 

- -" 
. -,- 

" C "  lSg!i l .  7 a.  0310 Smooth-bore gun employed - - " h . 2 ,  
"" - 19833.8 0 .  C331 Smooth-bore  gun;  specimen 1 i n .  t h i c k  
1212'3 1 2 m .  6 0.0386 

- ,," l W 4 .  7 0.0462 Smooth-bore  gun  employed 
",V" 16523.7 0.0492 
1751r: 17065.5 0.0526 Smooth-bore gun  employed 
196cc 19903.2 0.0607 
22760 22039.1 0.0709 

- "../ 
-,d-" 
7 ,cz! + 

j"""""""" """"" - ""_ - ~~ 

" 

~~ 
-~ ~ 

1294.35 0.0018 
1372.24 

3L2O. 93 
5772. 
5 9 2 . 5 5  
7431.6L 

2n23.36 

7520 * 25 
96%. 8 

1L146.3 

16s8.g 
16e80.5 
23287.5 
23346. 

27581.6 

12320.2 

14720.8 

25614.7 

0.0027 
0.0055 Not used i n   c u r v e  fit below 18000 cm/sec 
0.0074 Not used ,   i n   cu rve  f i t  below 18000 cm/sec 
0.0088 
0.0089 
0.0122 
0.0110 
0.0156 
0.0215 
0.0232 
0.024: 

0.0277 
0.0404 
0.0403 
0.0453 
0.0480 

0.0266 
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l 'ubl(a 0.X 
R c s u l t s  of Ct t~t . i : ; t icnI  Analys is  of Craterinb: I)ut: t  fur Arc-Ctlct 'Yantdm UsinR 0.175-jrlctl Sphere:; 

SRCTION A .  L i n e a r   I k s t - F i t  KquRtion f o r  Crater   Depth As a Funct ion of  Impact  Velocity 

ICONSIDERED I Found I Range 
I I I 

9 below 
0.03038 t o  0.03148 

I 1 I 

cL ~ ~ ~ ~ l c m / s e c  /111315 1 ---- ---- 
2 above 

03 
d a t a   p o i n t s  0.03221 0.03123 t o  0.03318 

cm 
CRATER-DEJTH  INTERCEPT,  cm VELOCITY  INTERCEPT, see 

Value 95% Confidence 
F-RATIO -h Found  Found Range 

-.OOO3178 -.0009770 t o  0.0003414 1.048 -108.7 t o  314.1  102.7 

-. 002296 "" ---- "" 692.6 ---- "" 

-.001489 16.9997 52.5 t o  872.4 462.4 -.002851 t o  -.0001276 

STANDARD 

0.000358 

0.000870 I 

SECTION B. Average  Linear   Best-Fi t   Equat ion 

1 

DATA POINTS 
sec/cm  cm/sec cm s e c  CONSIDERED 

CONSTANT, k*, VELOCITY  INTERCEPT, CFATER-DEPTH INTERCEPT,  SLOPE OF LINE, 

1 

I 9 below 
18000 cm/sec 1 0.0309430 x -0.COO327353 I 0.0105792 x 1 0  I 0.0696130 x 10- 

2 above 
18000 cm/sec 

0.0725323 x 10- 0.0475245 x 10 -0.00153222 0.0322406 x 10- d a t a   p o i n t s  
A l l  11 

0.@74786 x 10- 0.0692629 x 10 -0.00229608 0.0331502 x 4 

4 4 



Table 6.211 

Hesults of S t a t i s t i c a l  A r ~ a l y s i s  of Cratering Data for  Arc-Cast  Tantalum Usinp. 0.0938-inch  Spheres 

SECTION A.  Linear  Best-Fit  Equation  for  Crater Depth As A Function of Impact Velocity 

 DATA I SLOPE OF LINE, 10- sec 4 
POINTS Value I 95% Confidence 

ICONSIDERED 1 
I Found I Range 

I 
12 below 
18000  cm/sec 

0.01552 t o  0.02120 0.01636 18000 cm/sec 
4 above 

0.01618 t o  0.01703 0.01660 

& 
0.01685 t o  0.01791 0.01738 data  points 03 

All 18 

CRATER-DEPTH INTERCEPT, cm 
Value 

Range Found 
95% Confidence 

-. 0003196 -. 0007788 t o  0.0001396 

-. 002324 -. 009432 t o  0.004783 

-. 0005741 - .001356 t o  0.0002082 I 

Found DEVIATION 

SECTION B. Average Linear  Best-Fit  Equation 

DATA POINTS 
sec/cm cm/sec cm sec CONSIDERED 

CONSTANT, k* , VELOCITY INTERCEPT, CRATER-DEFTH INTERCEPT, SLOPE  OF LINE, 

1 12 below 
18000  cm/sec I 0.0166152 x I -0.00033240b I 0.020.0060 x 10 1 0.0697379 x 1 
I I I I I 

I I I 

I 4 above 
18000  cm/sec I 0.0184709 x I -0.00259865 

I I I I 1 I 

0.0174130 X I -0.000613463 0.0352302 x 10 4 
I I 0.0730865 x 



I I I I I I I I I I  I I I I I I I I I l l l l l l l l l l l i  

0.15 t . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0.14 - -Threshold o f  Dynamic Behavior 
--“”-Average Best-Fit Equation 
-Theoretical Equation 

0.12 A = 0.175-Inch Spheres B = 0;8938-rnch Spheres 

0.11 - 
0.10 

0.09 

- 
- 

- 

€ 

g 0.08 - 

- 
c + 

- 
n - 
L 

A 

d 0.07 - 
0.06 - - 

tu 
V 

- 

0.05 - B 
-0” - 

0.04 - -A” - 
0.03 - 
0.02 - - 

- 
2!1 212 2 . i  214 215 21.6 2.\ 2!8 21.9 x’104 
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! 

Figure 6.9. Theoretical Curves  and  Experimental Data for Impacts of  Steel Spheres Against Tantalum. 
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4.- cr,e result of arr increase   in   s lope   o f  t h e  cratering  curve.  I n  t he  

case of tmtalum, the   increase   in   s lope   occurs   in   the   bes t - f i t   l ine   for  

Satr  noints  oYtaine8 a t  ve loc i t i e s  above  18000 cn/sec. As a conscquence 

cf %!"e I z c r e z s e  ir, sloFe,   extrzpolat ions of the  curves t h a t  f i t  t h e  data 

2c.ln:s 35:zined at ve loc i t i e s  above 18000 cm/sec in t e r sec t   t he   ve loc i ty  . .  

a ,.I- -,- - = zi e :If&er value of impact veloci ty   than is found for   extrapole- .  

L : c." of t:?e curves  that  f i t  t he  data below 18000 cm/sec. As i n   t h e  

ccse ot t r o ~ ,  reference  to  eq  (2.33)  suggests t h a t  the   increase  i n  s lope 

a: the cratering  curve at ve loc i t i e s  above  18000  cm/sec may- be 

essociatee -2ith an e l eva ted   y i e ld   s t r eng th   i n  view o f   t he   f ac t  t h a t  no 

ctz-.3e i:! t5e   densi ty  o r  sound  speed  of the metal i s  expected t o  take 

glzce. 

Cwve f i t t i n g  of the   da tz   po in ts  above  and  below  18000  cm/sec was 

;er?=eC for each  sphere  s ize .   In   the  case  of   data   points   obtained at 

velc:i',:es 5elo;I 18000  cn/sec with 0.0938-inch spheres, two da ta   po in ts ,  

E% velcci ' l ies of 2323.36  and 31120.93 cm/sec,  were deleted  because  in 

t?:e ??lot of F i ,ve  6.9 these two points  show not iceable   sca t te r  w i t h  

reszecz to t h e  other   data   points  below  18000  cm/sec. The results of 

the c1-e f i t t i n g   a r e  given  in Tables 6.23 and 6.24. 

From the   t abula ted   da ta  it can be  seen  that   for  each  sphere  size 

there  is z notab le   increzse   in   the   s lope   o f   the   l ine ;   in   the   case   o f   the  

la ta  f o r  0.175-inch  spheres it is 7.1 percent  and  in  the  case  of  the 

5sta f o r  3.0938-inch spheres it is 11.2  percent. As a consequence of 
A b-.e " increases in   s lope ,   there  i s  a marked increase   in   the   ve loc i ty  

iz te rcegt  of each  sphere  size  for  the data po in t s   co l l ec t ed   a t ' ve loc i t i e s  

s5ove l%CO cm/sec y i t h  respec'; t o  t h e  da te   po in ts   co l lec ted  a t  

ve ioc i t i e s  below 18000 cn/sec. As noted  above, t h i s  f i n d i n g  p o i n t s   t o  

t'ze poss ib i l i t y  tha t  tantalum may have  an elevated dynamic y i e l d  

strengt:?  for irnpacts del ivered a t  ve loc i t i e s  above 18000 cm/sec.  See 

Section 7 f o r  a fur ther   discussion of t h i s   po in t .  
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I n  the   case  of the  data   col lected  for   impacts  of 0.175-inch  spheres 

against   tantalum,  the  value  of   the  F-rat io   for   the  points   that  were 

col lec ted  below  18000  cm/sec i s  1.048. For the 9 data points  considered, 

this   value  of   the  F-rat io   i f idicates   that  curvature is  not   s ign i f icant .  

3ecause on>J two so in t s  were considered at ve loc i t i e s  above  18000  cm/sec, 

curvzture in the  high-velocity  branch of the  crater ing  curve  cannot  be 

assessed. 

Ir, the   case  of   the   data   col lected  for   impacts  of 0.0938-inch spheres 

against  tantalum, the  value of t he   F - r a t io   fo r   t he  12  poin ts  below 

l8OQO crdsec is  1.861. This value of t he   F - r a t io   fo r   t he  number of 

- p i n t s  considered  indicates   that   curvature  is not   s ignif icant .   For   the 

h data points  above  18000 cm/sec, the  value of the  F-rat io  i s  15.348; 
f o r  4 data   po in ts   th i s   va lue   o f   the   F- ra t io   ind ica tes   tha t   curva ture  is 

aot   s ignif icant .   Consequent ly ,   in   the  case of tantalum, no curvature 

is indicated  in  ei ther  the  high-velocity  or  the  low-velocity  branch  of 

the   c ra te r ing   curve   for   e i ther   s ize  of sphere   tha t  was used. 

The eqerimental values   of   the   constant  k can  be  calculated from 

ea_ (2.23)  with use of  the  experimental  values of the   cons tan t  k". Sub- 

s t i t u t ion   o f   t he   va lues  of the  constant  k* given   in  Tables 6.23 and 

6.24 produced the   fo l lowing   va lues   o f   the   cons tan t  k for   tantalum: 

for  0.175-inch  spheres below 18000  cm/sec, k is 10.14; f o r  0.0938-inch 

s?heres  below 18000  cm/sec , k is  10.16; f o r  0.175-inch  spheres  above 

l8OOC c d s e c ,  k i s  10.87; f o r  0.0938-inch spheres above  18000  cm/sec, 

k is 11.29. The average  value  of  the  constant k below 18000 cm/sec is 

10.15 and the  average  value of the   cons tan t  k above 18000 cm/sec i s  

11.08. It is  noteworthy t h a t  , because  the  value  of  10.87  for 0.175-inch 

spheres above  18000  cm/sec is based on only  two da ta   po in ts ,  the value 

of the  constant  k above  18000 cm/sec may be   c lose r   t o   t he   va lue   o f  

11.29 found with  the 0.0938-inch spheres. 
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7.  OBJECTIVES AND RESULTS 

7.1 Steel-Sphere  Denting  Velocities of the  Selected Metals 
" 

"he first obdective  of  the  study  that  has been  carried 'out was t o  

c ie ten lne   the   th reshold   ve loc i ty   requi red   to   dent   the   se lec ted   meta ls  by 
-,.act -." of s tee l   spheres  at room temperature.   In  planning  the  study, it 

WES s:".cu;rk.t t ha t   t h i s   ob jec t ive  would be r ea l i zed  by obtaining  the ve- 

l oc i ty   i n t e rcep t s  of the  crater-depth-versus-velocity  plots.   Unfortunately,  

one of t'ne r e s u l t s  of t h e  s t a t i s t i ca l   ana lys i s   desc r ibed  in Section 6 i s  

tha t   i n t e rcep t s  of crater-depth-versus-velocity  plots are too  poorly known 

t o  be of   va lue   in   es tab l i sh ing   re l iab le   va lues  of dent ing  veloci tx .  

"- 
- 
""- " 

In   the  l imited  t ime  that  was l e f t   t o  complete  the  study  after  this 

result of t h e   s t a t i s t i c a l   a n a l y s i s  became clear ,   recourse was t a k e n   t o  

the  cetkod  of  obtaining  denting  velocity t h a t  w a s  used by Davies [lg]. 
zcwever,  3ecause t h i s   a t t e m p t   t o   o b t a i n  more accurate  values of the  dent- " 

i" A,5 v e loc i t i e s  of t h e  metals was r e s t r i c t e d   t o  a very limited period  of 

.b ,,e .." E= the  end of the  study,  the  procedures  used were considerably less 

rer"ir.ed. t t an   t hose  employed by Davies. 

7.1.1 Steel-Sphere  Denting  Velocities by t h e  Method of  Davies 

S.2.211, approximately  half- inch  thick  tes t   p la tes  of the  metals  were 

prepared and annealed  under  the same condi t ions   tha t  were used  for   the 

inpact  specimens;  tested  impact  specimens were  used as tes t  p l a t e s  where- 

ever t h i s  was feas ib le .  One face  of  each tes t  p l a t e  was given a minimum 

degree of pol ish and a 5/32-inch steel  sphere was  dropped aga ins t   the  

polished  surface from various  heights .  

For small d i s t ances ,   t he  f a l l  height w a s  determined by allowing  the 

s t e e l   s p h e r e   t o   f a l l   o f f  the edge of a gauge  block  (or  of  several  gauge 

blocks  stecked one upon another)  placed on the  pol ished  surface of the  
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tes; ;,late. F o r   l a r g e r   h e i g h t s ,   t h e  s teel  sphere w a s  allowed t o  f a l l  o f f  

t h e  eCge of a h o l e   i n  a metal p l a t e   t h a t  w a s  clamped t o  a r i g i d   s u p p o r t .  

The p e r f o r a t e d   p l a t e  w a s  a d j u s t e d   u n t i l  it w a s  l e v e l   t o  a bubble  gauge; 

t ne   he igh t   o f   t he   t op   su r f ace   o f   t he   p l a t e   above   t he   po l i shed   su r f ace   o f  

t h e  tes t  p l a t e  was d e t e r m i n e d   b y   s i g h t i n g   a c r o s s   t h e   p l a t e   t o  a s teel  

rule t h e  end  of  which w a s  bea r ing   aga ins t   t he   po l i shed   su r f ace   o f   t he  t e s t  

p l a t e .  An e f f o r t  was made t o  min imize   t he   ho r i zon ta l   ve loc i ty  component 

o f   t he  s teel  sphere as it passed  over   the  edge  of   the  gauge  block  or   over  

tke  edge of t h e   p e r f o r a t i o n   i n   t h e  metal p l a t e .  

The indentat ions  produced by t h e   f a l l i n g   s p h e r e s  were viewed  with 

s s e  ~f a microscope a t  low magnif icat ion.  The r e a l i t y   o f   t h e   c r a t e r s  

WES e s t a b l i s h e d  by  changing  the  focus  of  the  microscope. A change i n  

focus i n  one d i r e c t i o n   c a u s e d   t h e   c r a t e r s   t o  become s p o t s   o f   l i g h t ;  a 

change   i n   focus   i n   t he   oppos i t e   d i r ec t ion   caused   t he   c r a t e r s   t o  become 

C c k  c i r c u l a r   s p o t s .  

F a l l  heights   of   50,  25,  and 1 5  m i l s  were t r i e d   f o r  1100-0 aluminum. 

For   the 50- and  25-mil f a l l   h e i g h t s ,   c r a t e r s  which showed t h e   l i g h t - t o -  

d a r k   t r a n s i t i o n   w i t h  a change in   focus   o f   the   microscope   could   be   seen .  

A view of t he   c r a t e r s   p roduced  a t  t h e  25-mil f a l l  he igh t  i s  shown i n  

Flgcre  7.1.  For   the l 5 - m i l  f a l l  h e i g h t   t h e   c r a t e r s ,  i f  any w e r e  produced, 

C O U X  not   be  located  with  assurance.  Marks t h a t  were  observed seemed t o  

be crLy surface  deformations;   they  did  not  show the   l igh t - to-dark  t r a n s i -  

t i o n   w i t h  a change  in  focus of the  microscope. 

A f a l l   n e i g h t   o f  100 mils was f irst  t r i e d   f o r  2024-0 aluminum. A 

view  of t he   c r a t e r s   p roduced  i s  shown i n   F i g u r e  7.1. A l though   t he   c r a t e r s  

produced.  were  not w e l l  de f ined ,   t hey   d id  show the   l i gh t - to -da rk   t r ans i -  

t i o n   w i t h  a change in   focus   o f   t he   mic roscope .  An e f f o r t  w a s  made t o  

d e t e c t  a c r a t e r  a t  a f a l l  height   of  75 mils. If a n y   c r a t e r s  were pro- 

duced at t h i s  f a l l  he ight ,   they   could   no t   be   loca ted   even  by  changing 

t h e   F i c r o s c o p e   f o c u s   t o   l o o k   f o r   l i g h t - t o - d a r k   t r a n s i t i o n s .  A fa l l  he igh t  

of 150 mils was a l s o   t r i e d ;  t w o   v e r y   d i s t i n c t   c r a t e r s  were  produced. 

F a l l   h e i g h t s  of 100, 75 ,  5 0 ,  and  25 m i l s  were t r i e d   f o r   e l e c t r o -  

l y t i c   t ough   p i t ch   coppe r .   Four   c r a t e r s   t ha t  were produced by t h e  50- 

rnil f a l l  and t h a t  showed t h e   l i g h t - t o - d a r k   t r a n s i t i o n   w i t h  a change of 



1100-0 Aluminum 

F a l l   H e i g h t  0.0635 cm 

Nickel  270 

Fa l l   Heights   0 .0635  and   0 .0381 cm 

0.999  Zinc 

F a l l   H e i g h t   0 . 1 2 7  cm 

E l e c t r o l y t i c  Tough Pi tch   Copper  

Fa l l   Heights   0 .127   and   0 .0635 c m  

Armco I r o n  

Fall Heigh t  0.635 cm 

Arc Cast Tantalum 

Fa l l   He igh t   0 .762  cm 

Udimet  700 S o l u t i o n e d  

F a l l   H e i g h t   1 . 9 5  cm 

Udimet  700 Aged 

F a l l   H e i g h t  2.10 c m  

2024-0  Aluminum 

Fa l l   He igh t   0 .254  cm 

M a g n i f i c a t i o n  Key 

Each   Div is ion  = 1 / 2  mm 



<ccus  of  the  microscope are shown i n   F i g u r e  7.1. Two we l l -de f ined   c r a t e r s  

t n a t  were  produced  by t h e  25-mil fa l l  height  are a l s o  shown; t h e s e   c r a t e r s  

are considerably smaller than   those   p roduced   by   the  50-mil f a l l .  

Fa l l   he igh t s   o f   50 ,  25, and 15 mils were t r i e d   f o r   n i c k e l .  Photo- 

graphs of t h e   c r a t e r s   t h a t  were produced by t h e  25- and 15-mil f a l l s  are 

shown in   F igu re  7.1. The very small craters   produced by t h e  15-mil f a l l  

showed t h e   l i g h t - t o - d a r k   t r a n s i t i o n   w i t h   c h a n g e   i n   f o c u s  of the  microscope. 

Z i n c   r e c r y s t a l l i z e s  as a result   of  mechanical  working  but it w a s  

necessary   to   po l i sh   the   spec imen  to   de te rmine   the   dent ing   ve loc i ty   o f   the  

cetel .  It i s  not known t o  what ex ten t   the   p resence   o f  a fine-grained 

r e -c rys t a l l i zed   su r f ace   l aye r   o f  metal may h a v e   a f f e c t e d   t h e   d e n t i n g   f a l l  

height ,   that  was found. A view  of  craters  produced at a 50-mil f a l l   h e i g h t  

a r e  shown i n   F i g u r e  7.1. 

?ne minimum f a l l  h e i g h t s   f o r   i r o n  and tantalum are l a rge r   t han   t hose  

fouxr2 f o r   t h e  metals considered so fa r .  To  ge t   su f f i c i en t   he igh t ,   gauge  

'ciocks  were  rubbed  together t o   g e t  good sur face   contac t  and s tacked;  t h e  

s t e e l   s p h e r e  was ro l led   o f f   the   edge   of   the   gauge   b lock  a t  t h e   t o p  of t h e  

s t z c k .  Views o f   c r a t e r s   t h a t  were produced  are shown in   F igu re  7 .1 .  

To de te rmine   the   l a rge  f a l l  he igh t   r equ i r ed   t o   den t  Udimet 700, t h e  

rovaSle   per fora ted   p la te  was used.  In  the  case  of  aged Udimet 700, sur- 

face  narks  were  produced at a f a l l  height  of 1 .85  and 1.7 cm. However, 

t h e s e  marks  appeared t o  be  without  depth  because  they  exhibited no shadow 

o r   l i g h t - t o - d a r k   t r a n s i t i o n .  V i e w s  o f   c r a t e r s  formed i n  aged  and  solu- 

t i o c e d  Udimet 700 a t  f a l l  h e i g h t s   t h a t  were judged t o  be c l o s e  t o  t h o s e  

t h a t  would correspond t o   t h e   d e n t i n g   v e l o c i t i e s   o f   t h e s e   h e a t - t r e a t m e n t  

states of Udimet 700 are shown i n   F i g u r e  7.1. In   t he   ca se   o f   so lu t ioned  

3cIiret 700, two c r a t e r s   t h a t  are smaller t h a n   t h e  rest can  be  seen at 

t h e   r i g h t   o f  t h e  micrograph.  These smaller c r a t e r s  may have  been  pro- 

Cuced by bounces  of  the s teel  sphere after i t s  f i rs t  impact  and t h i s  sug- 

g e s t s   t h a t   t h e   r e p o r t e d  f a l l  height  may b e   t o o   l a r g e .  

The d e n t i n g   v e l o c i t i e s  were ca lcu la ted   f rom  the   he ights   o f  f a l l  w i t h  

u se   o f   t he   equa t ion   fo r   f a l l i ng   bod ie s   neg lec t ing  air r e s i s t a n c e ,   t h a t  

i s ,  t h e   d e n t i n g   v e l o c i t y  w a s  t a k e n   t o  be given  by 
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where s i s  t h e  f a l l  height  and g i s  t h e   a c c e l e r a t i o n   d u e   t o   g r a v i t y ;   t h e  

loca l   va lue   o f  g i s  980.004 cm/sec/sec. The v e l o c i t i e s   r e q u i r e d   t o   p r o -  

d u c e   t h e   c r a t e r s   i n   t h e   s e l e c t e d  metals, which are shown i n   F i g u r e  7.1,  
are l i s t e d   i n   T a b l e  7.1. 

Table 7.1 

Steel-Sphere  Dent ing  Veloci t ies   of   the   Selected Metals 

I ~ . . . . . . . - -. - - 

Fall   Height ,   Dent ing  Veloci ty ,  
Ketal  cm cm/sec 

li00-C Aiminum 0.0635  11.2 

S i c k e l  27G 0.0635 11.2 

C.999 Zinc 0.127 15.8 
Copper ( e l e c t r o l y t i c   t o u g h   p i t c h )  0.127 15.8 
202h-C! Aiuminum 0.254 22.3 

k c  C2st Tantalum 

; c k e t  700 Solut  ioned 

R k e t  T O C  Aged 

0.635 35.3 
0.762 38.6 

1.95 
2.10 

61.8 
64.2 

There i s  a f e a t u r e   i n h e r e n t   i n   t h e  method of  Davies [19] which  makes 

it sozewhat  open to   ques t ion .   Th i s  feature i s  t h a t  a c ra te r   o f   micro-  

scopic  dimensions is  formed i n  a pol i shed   sur face .  If the   dep th   o f   t he  

c r a t e r   t h a t  i s  produced i s  comparable t o   t h e   t h i c k n e s s   o f   t h e   p o l i s h  

l aye r ,   t hen   t he   den t ing   ve loc i ty   t ha t  i s  found i s  c h a r a c t e r i s t i c  of t h e  

po l i sh   l aye r   r a the r   t han   o f   t he   bu lk  metal. The following  check was made 

c f   t h i s .  

With recourse   to   the   magni f ica t ion   key   for   the   micrographs  shown i n  

Figure 7 .1 ,  t he   d i ame te r s   o f   t he   l a rge r   c r a t e r s  are approximately 0.01 

cm. Presuming t h a t   t h e   c r a t e r s  axe s p h e r i c a l   i n d e n t a t i o n s ,   t h e i r   d e p t h  

can  be  determined  from  the  expression 

(d/2I2 = 6 (D - 6) 
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vhere c i s  t h e   c r a t e r   d i a m e t e r ,  D i s  the   d i ame te r   o f   t he   sphe r i ca l  

indenter,   and 6 i s  the   c ra te r   depth .   Because   the   d iameter  of t h e  steel  

s p h e r e   t h a t  was dropped t o  produce  the  indentat ions w a s  5/32  inch 

(0.3967 cm) ,   t he   c r a t e r   dep th   co r re spond ing   t o  a c ra t e r   d i ame te r  of 

0.01 cn i s  0.000063 cm (0.000025  inch). 

The very  thEn  surface  layer  work-hardening  due to   po l i sh ing   can  ex- 
t e n a   t o  0.00002 o r  0.00003 cm [ 2 0 ] .  This  is  rough ly   ha l f   o f   t he   ca l cu la t ed  

dept'r. of t h e   l a r g e r   c r a t e r s  shown i n   F i g u r e  7.1. It can  be  hoped,  there- 

fo re ,   t ha t   rough ly   ha l f   o f   t he   dep ths  of t h e   c r a t e r s  shown in   F igu re  7.1 
were  formed i n  metal t h a t  was not   dis turbed  by  the  surface  pol ishing 

opera t ions  which are n e c e s s a r y   t o  make t h e   c r a t e r s   v i s i b l e .  

The measured  values of dent ing   ve loc i ty   g iven   in   Table  7 . 1  are cer- 

t a i n l y   c l o s e r   t o   t h e   t r u e   d e n t i n g   v e l o c i t i e s   o f   t h e   s e l e c t e d  metals than 

the   va lues   tha t   were   ob ta ined   f rom  the   ve loc i ty   in te rcepts   o f   the   c ra te r -  

depth-versus-veloci ty   plots .   Nevertheless ,   because  of   the  lack  of  re- 

finement  with  which  the method was c a r r i e d  out ,  they  can be regarded  only 

as improved  approximations.  For a specimen  of  armor  plate WTN, having a 

y i e l d   s t r e n g t h  of about 152,000 ps i ,   Davies  [19]  found  an  average  mini- 

m . ~  fall height  of 0.38 cm. The 0.2 p e r c e n t   o f f s e t   y i e l d   s t r e n g t h  of 

L'ciixet T O O  i s  about 125,000 psi .   Consequently,  i f  t h e  more r e f i n e d  

techniques  used  by  Davies had Seen  employed, it could  be  expected  that  

Ldinet T O O  night   be  found  to   have a minimum f a l l  he ight  as low as 0.32 

cm. On comparing th i s   va lue   w i th   t he   obse rved  f a l l  he igh t   fo r  Udirnet 700 
i n  'Table 7.1, it appea r s   t ha t   t he   den t ing   ve loc i ty   g iven   i n   Tab le  7 .1  f o r  

Udimet 700 i s  t o o   l a r g e  by at least  a f a c t o r  of six.  

I 

where V i s  the   s t ee l - sphe re   den t ing   ve l i c i ty ,  E '  i s  the   energy   per   un i t  

volume requ i r ed   fo r   f l ow,  p i s  d e n s i t y ,  c i s  sound  speed,  and z i s  acous t ic  

kpedance ;   p r imed  quant i t ies  refer t o   t h e   t a r g e t  metal and  unprimed 

i 
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q c e n t i t i e s   r e f e r   t o   t h e  s teel  of   which   the  s teel  sphe res  are composed. 

T t e  dent inq   ve loc i ty   can   be   ca lcu la ted   f rom  eq  (7.3) i f  the   energy   per  

u n i t  volume requi red   for   f low  can  be a s ses sed .  

An e f f o r t  was made t o  assess the   energy  per u n i t  volume r e q u i r e d   f o r  

flow f roE   t he   s t r e s s - s t r a in   cu rves   o f   t he   s e l ec t ed  metals. Copies   of   the  

au tographic   record ing   of   the   s t ress -s t ra in   curves   p roduced  by t h e   t e n s i l e  

t es t s  of  t h e   s e l e c t e d  metals were supp l i ed  by t h e   t e s t i n g   l a b o r a t o r i e s .  

Tke a rea   w ide r   t he   s t r e s s - s t r a in   cu rve   o f   each  metal t o   t h e   p r o p o r t i o n a l  

l i z i t ,  t h e  0.02 p e r c e n t   o f f s e t   y i e l d   s t r e n g t h ,   a n d   t h e  0.2 pe rcen t   o f f -  

set y i e l d   s t r e n g t h  was determined by count ing  squares .  The energy  per  

ur.it volme  per   square  w a s  found  f rom  the  load  in   pounds  per   divis ion,  

t k e  e longa t ion   i n   i nch   pe r   i nch   pe r   d iv i s ion ,   and   t he   o r ig ina l   c ros s -  

s e c z i o n a l   e r e a   o f   t h e   t e s t   s p e c i m e n   i n   s q u a r e   i n c h e s .  The a r e a   ( i n  

s s n a r e s )  under   t he   s t r e s s - s t r a in   cu rve  up t o  a n y   a r b i t r a r y   p o i n t   m u l t i -  

pl ieC by the   ene rgy   pe r   un i t  volume per   square  is  the   ene rgy   pe r   un i t  

volune  accepted  by  the t e s t  specimen  up t o   t h e   p o i n t   s e l e c t e d .  

I n   t h i s  way, t h e   e n e r g i e s   p e r   u n i t  volume accepted by each  of   the 

s e l e c t e d  rcetals up t o   t h e   p r o p o r t i o n a l  l i m i t ,  t h e  0.02 p e r c e n t   o f f s e t  

y i e l d   s t r e n g t h ,   a n d   t h e  0.2 pe rcen t   o f f se t   y i e ld   s t r eng th   were   de t e rmined .  

The v a l u e s   o f   t h e s e   q u a n t i t i e s   t h a t  were found  for   each of two t e s t  speci-  

mens, as well as the   average   va lue   o f   each   quant i ty ,  are g iven   in   Table  

7 .2 .  A c c i d e n t a l   d i f f e r e n c e s   i n   t h e  t e s t  specimens  and/or   their   mounting 

ir! t h e  t es t  machine a f f e c t   t h e   o n s e t   o f   p l a s t i c   f l o w .  From t h e   v a l u e s  

of pe rcen t   dev ia t ion   f rom  the   ave rage ,   g iven   i n   Tab le  7 .2  f o r   i r o n ,  

t en t z l lm ,   n i cke l ,   and   z inc ,  it can   be   seen   tha t   the   percent   devia t ion  

f r c ~  t t e  ave rage   i n   t he   ene rgy   pe r   un i t  volume t o   t h e  0.2 p e r c e n t   o f f s e t  

y i e l e   s t r e c g t h  i s  less fo r   each  of t h e   f o u r  metals than   t he   pe rcen t  de- 

v i e t i o n   i n   t h e   e n e r g y   p e r   u n i t  volume  up t o   t h e   p r o p o r t i o n a l  limit o r  up 

t o   t h e  0.02 p e r c e n t   o f f s e t   y i e l d   s t r e n g t h .   P r e s u m a b l y ,   t h i s  is  due t o  

s i ze  o f   t h e  areas involved. 

The energy   per   un i t  volume accepted by  each  of   the  selected metals 

up t o   t h e  0.2 p e r c e n t   o f f s e t   y i e l d   s t r e n g t h  i s  p l o t t e d   a g a i n s t   t h e  0.2 

p e r c e n t   o f f s e t   y i e l d   s t r e n g t h   i n   F i g u r e  7.2. Curve f i t t i n g   o f   t h e   n i n e  

data,   points was performed  with use of the  computer  program(21).  The 
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Table 7.2 

Energy per  Unit  Volume t o  Three  Points on the St ress -St ra in  Curve (a) 

r-\ volume t o  

Proport ional   Limit ,  

Iron KO. 8.296 x 10  5 

Iron :io. 2 

7.026 x l o 5  Average 

5.757 x l o 5  

,e Geviation from Avq. 18 

Tantalum No. 1 8.380 x 105 
Tanta lum No. 2 7.733  x  10 5 

Average 8.056 x l o 5  
R Deviation from Avg. 4.0 

dyn/cm 2 
~ . . - . . . .. - .~~ ~~~~~ 

d 

- _ _  _ _  - 
~ ~~~ 

d 

- . ~ 
~ - .  ~~~ 

7.409  x 10 Xickel No. 1 

2.427 x 10 Xickel 50. 2 

4.918 x  10 Avorage 

' 5  3eviat ion from  bvg.  50.6 

4 
4 
4 

~~~ ~~ 

3.411 x 10 Zinc 50. 1 

Z i n c  Ho. 2 3.201 x 10  

Average  3.306 x 10 

5 Deviation from Avg. 3.2 

4 
4 
4 

~" 
~ ~~- 

- - - " - - - - . .. 

0.02 Percent Offset 
Yield  Strength,   Yield  Strength,  

0.2  Percent Offset 

dyn/cm 2 dyn/cm 

1.265  x 10 3.874 x 10 

9.126  x l o 5  3.723 x 10 

1.089 x 10  3.799 x 10 

2 
- "" ~ 

6 6 (b) 
6 (b) 
6 6 

16 2.0 

1.479 x 10 6 
6 
6 

4.212 x 10 

4.224 x 10 

4.218 x 10 

6 
6 
6 

1.260 X i o  
1.370 x 10  

8.0 0.14 
. . ~~ ". 

1.935 x l o 5  

1.726  x l o 5  1 1 . 4 4 1  x  10 

1.374 x 10 1.517 x l o5  
1.507 x 1 0  6 .  

6 
6 

12.1 4.6 
~ 

1.266  x l o 5  
1.380  x  10 

1.323 x l o5  j 9.637 x . lo5 

i x lo 

5 
5 9.479 x l o 5  

4.3 1 1.6 
~ ~~ 

(a )The   s t ress -s t ra in   curves  were obtained by J.J. Mulligan  under  the 
d i r ec t ion  of G.R.  Frey at t h e  General E l e c t r i c  Company, Lynn, 
Kassachusetts. 

(b)The extensometer was unfortunately removed s l igh t ly   be fo re   t he   0 .2  
pe rcen t   o f f se t   y i e ld   s t r eng th  was reached. The e f f e c t   o f   t h e  
ambiguity  involved i n  negl ig ib ly  small as far as t h e  values given 
here are concerned. 
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Table 7.2 Continued 

Specimen 

(Udimet 70G 
Solutioned ?io. 1 

Udinet 70C 
Solutioned No. 2 1 v e r q e  

U d h e t  700 

ged Xo. 2 

verage 

~ l l O O - ~ c ~ u m i n u m  
No. 1 

Copper (tough 
p i t c h )  No. 1 

Copper (tough 
p i t c n )  No. 2 

Average 

(C 1 

(C 1 

Fkoportional 
L i m i t ,  

dyn/cm2 

10.33 x 10  6 

7.408 x 10 6 

8.869 x 10  6 

6 9.055 x 10 

9.447 x l o6  

6 9.351 x 10  

5.198 x l o 3  

1.172 x 10  

3.054 x l o 3  

2.113 x l o 3  
4 

4 

3 

17.08 x 10 

5.934 x 1 0  

11.51 x 10 4 

- 

0.02 Percent Offset 
Yield S t rength ,  

dyn/cm2 
-~ 

1.556 x lo7 

1.243 x lo7 

1.400 x lo7 

L.358 x l o7  

1.530 x 10'' 

7 

4 

~~ 
-~ 

1 . 4 4 4  x 10 

3.205 x 10  

~ ~- 

2.972 x 10  4 

4 4.036 x 10 

3.504 x 10  4 
L ~ _ ~ -  

4.549 x 10  5 

3.664 x l o 5  

4.106 x l o 5  
. - ~~~ 

1.2 Percent  Offset  
Yield S t rength ,  

dyn/cm 

3.309 x l o7  

3.219 x l o7  

3.264 x l o7  

3.141 x l o7  

7 

2 

3.493 x 1 0  

3.317 x 10 

3.197 x l o 5  

7 

~~ 

4.285 x l o 5  

4.863 x l o 5  

4.574 x 10 5 

6 

6 

2.095 x 10 

1.973 x 10 

2.034 x 10 6 
~ .~ 

("The s t ress -s t ra in   curves  were obtained by Lafayet te   I rwin,  Mechanics 
Section,  National Bureau of Standards.  See  Reference [TI. 
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201 



F-ra:io of 10.31 t h a t  w a s  obtained for t h e   n i n e   d a t a   p o i n t s   i n d i c a t e d  

tha t   cu rva tu re  was s i g n i f i c a n t .  The p a r a b o l i c   e q u a t i o n   f o u n d   f o r   t h e  

n ine   da t a   po in t s  by t h e   c u r v e   f i t t i n g  program i s  

II = -379517 + 2.80699 x 10-3X + 1.13868 x 1 0  -13 x2 ( 7 . 4 )  

where Y is  the   ene rgy   pe r   un i t  volume  up t o   t h e   0 . 2   p e r c e n t   o f f s e t   y i e l d  

s t rength   and  X i s  t h e  0.2 p e r c e n t   o f f s e t   y i e l d   s t r e n g t h .  

I t  was thought   that   the   curvature   found may have been produced by 

t:le two p o i n t s   a t   t h e   e x t r e m e   u p p e r   r i g h t  of t h e   p l o t   i n   F i g u r e   7 . 2 .  

These  points are f o r  Uaimet 703 aged  and Udimet 700 so lu t ioned .  Curve 

f i t t i n g   w i t h   t h e  computer  program was performed a second time wi th   t he  

two F o i n t s   f o r  Udimet TOO excluded.  Six of the  remaining  seven data 

p o i n t s   a r e  fo r  pure metals; the   r ema in ing   da t a   po in t  is  f o r   t h e   r e l a t i v e l y  

s l n p i e   a l l o y  2024-0 aluminum. For  the  seven data p o i n t s ,   t h e   F - r a t i o  w a s  

f0ur.d t o  be 8.60 which i n d i c a t e s   t h a t   c u r v a t u r e  i s  a l s o   s i g n i f i c a n t  f o r  

the  seven data p o i n t s .  

Vlzlues o f   d e n t i n g   v e l o c i t y   f o r   t h e   s e l e c t e d  metals were c a l c u l a t e d  

wit?. a s e  of eq (7 .3)  and  the  average  energy  per   uni t  volume accepted by 

t k e  seral  up t o   t h e   0 . 2   p e r c e n t   o f f s e t   y i e l d   s t r e n g t h   g i v e n   i n  Table 7.2.  

%ter  cata needed f o r   t h e   c a l c u l a t i o n  are g iven   in   Table  7.3. The c a l -  

c -da ted .   va lues   o f   dent ing   ve loc i ty   found  in   th i s  way f o r   t h e   s e l e c t e d  

c e t a l s  are g iven   in   Table  7.4. 

The values  of dent ing   ve loc i ty   g iven  in Table 7.4 are though t   t o  

be  of   the   r ight   order   of   magni tude.  The value  of 13.5 cm/sec f o r   t h e  

den t ing   ve loc i ty  of  aged Udimet 700 i n   Tab le  7.4 i s  roughly 1/5 of t h e  

value of 64.2  given  for  Udimet 700 in   Tab le  7.1. It  was pointed  out  a t  

t h e  end of  Section 7.1.1 t h a t ,  on t h e   b a s i s   o f   t h e  f a l l  height  found by 

Davies [19] f o r  armor p l a t e  WTN, t h e   d e n t i n g   v e l o c i t y   o f  Udimet 700 

given   in   Table  7 . 1  i s  t o o   l a r g e  by about a f a c t o r  of s i x .  The f a c t   t h a t  

t h e  ca lcu la t ed   va lues   o f   den t ing   ve loc i ty   fo r  Udimet 700 i n  Table 7.4 
are roughly  one f i f t h  o f   t he   va lues   o f   den t ing   ve loc i ty   g iven   fo r  Udimet 

7G0 i n  Table 7.1 s u g g e s t s   b o t h   t h a t   t h e   c a l c u l a t e d   d e n t i n g   v e l o c i t i e s  

giveE in Table  7.4 are of t h e   r i g h t   o r d e r  of magni tude  and  that   the   energy 

p e r   u n i t  volume assessed up t o   t h e   0 . 2   p e r c e n t   o f f s e t   y i e l d   s t r e n g t h  i s  

a good approximation  of  the  f low  energy  per unit volume f o r   c r a t e r i n g .  



Table 7 . 3  

Sound Speed,  Density,  and 
Acoustic  Impedance of t h e  Metals Considered 

t 

Metal 

1 t .arCer.eC 52100 s t e e l  

m c o  i r o n  

u re   z inc  

, L c k e l  270 

tantalum 

cke:  700, aged 

;C.lnez 730, so lu t ioned  

cormerciai ly   pure aluminum 

e l e c t r o l y t i c   t o u g h   p i t c h   c o p p e r  

2021-0 alurr inum a l l o y  
L 

Densi ty ,  

g / c m  3 

. .  

7.133") 

8.902" 

Acoustic 
Impedance, 

g/cm . sec  2 

4.605 x 10 

4.625 x 10 

3.096 x 10 

5.031 x 10 
6.774 x io 
4.835 x 10 

4.831 x 10 

1.714 x 10 
4.203 x 10 

1.763 x 10 

6 
6 
6 
6 
6 
6 
6 
6 
G 
6 

(a)h!easured by H.A.F. Rocha, Manager of Nondestruct ive  Test ing  Unit ,  
Gene ra l   E lec t r i c  Materials and Processes   Laboratory,   Schenectady,  
Xew York. 

("Yeasured  by C.E.  Tschiegg, Sound Sect ion,   Nat ional   Bureau  of   Standards,  

("Eats from 3'etal.s Handbook,  American Socie ty  for Metals, 1961, Vol. I. 
( a 'Geze ra1   E lec t r i c   F l igh t   P ropu l s ion   D iv i s ion  Material P r o p e r t i e s  Data 

(elsate.  from b.1uzinum Company of America. 

Kashington, D.C. 

" nanabcok, Vol. 11. 
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Table 7.4 

Calculated  Values   of   Dent ing  Veloci ty   for   the  Selected Metals 

Metal 

Armco I ron  

0.999  Zinc 

Xickel 270 

Arc-Cast  Tantalum 

Ucinet 7CC'  Aged 

Udimet 700 Solutioned 

11GO-0 Aluminum 

2opDer ( e l e c t r o l y t i c   t o u g h   p i t c h )  

2C2L-O Uuminum 

Denting  Velocity,  
cm/sec 

1.65 
0.74 

0.59 

1.52 

13.5 
13.3 

0.41 

0.24 

2.48 

Tnis i s  a useful   f inding.  The 0.2 p e r c e n t   o f f s e t   y i e l d   s t r e n g t h  i s  t h e  

y i e l c   s t r e n g t h   t h a t  i s  commonly r e c o r d e d   i n   t h e   l i t e r a t u r e  and eq ( 7 . 4 )  
provides a means o f   ca l cu la t ing   t he   ene rgy   pe r   un i t  volume  from it. 

It i s  hoped t h a t  it w i l l  be   poss ib l e   t o   measu re   t he   den t ing   ve loc i -  

t i e s  o f   t he   s e l ec t ed  metals again  with  use  of  a f a l l i n g  s tee l  sphere and 

the   r e f ined   t echn iques  employed by Davies [19]. The t e s t  sec t ions   should  

be h igh ly   po l i shed   op t i ca l  f l a t s  formed  on t h i c k   p l a t e s   o f   t h e  metals. 

Care should  be  taken t o  remove a l l  t r aces   o f   g rease   f rom  the  s teel  sphere 

anc from the   h igh ly   po l i shed  t e s t  s e c t i o n s .  With use  of  a f i n e   t h r e a d ,  

%he  s teel   sphere  should  be made t h e  bob of a pendulum and,   with  the  highly 

Foiished tes t  s e c t i o n   o r i e n t e d   i n t o   t h e   v e r t i c a l   p l a n e ,   t h e   v e r t i c a l  f a l l  

height   should  be  determined  by  the  horizontal   d isplacement   of   the  pendulum 

to3.  Ynis horizontal   d isplacement   can be accurately  measured  and  the 

pecdulum can  be  caught by hand before  a second impace (bounce)  occurs. 

The o p t i c a l  methods  employed  by Davies should  be  used t o   d e t e c t   t h e   p r e s -  

ecce  of a c r a t e r  as the  resul t   of   an  impact   and a l a r g e  number of t r ia ls  

should  be made to e s t a b l i s h  as e x a c t l y  as p o s s i b l e   t h e  minimum f a l l  height  

t h a t  is  requi red   to   p roduce  a d e t e c t a b l e   c r a t e r .  
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7.2 2enting Velocitx- Elevated  Temperatures 
The  second  objective  of  the  study  that  has  been  caried  out  was  to 

determine  the  threshold  velocity  required to dent two  of  the  selected 
metals  by  impact of steel  spheres  at  four  elevated  temperatures. To de- 
termine  denting  velocity  with  firings  at  elevated  temperatures  the  gun 
nust  be  equipped  with a heater  capable of raising  the  temperature of the 
netel  impact  specimen to these  temperatures. In  addition,  the  gun  chamber 
must  be  capable  of  being  evacuated  to  a  pressure  of  approximately 1 x 
torr  to  prevent  the  formation  of  an  oxide  layer on  the  impact  specimens; 
formation  of  an  oxide  layer  would  affect  the  value of  the  denting  velocity 
that  was  measured. 

It was pointed  out  in  Section 4.7 that a sub-contract  was  issued  to 
a  reputable  research  institute  to  design  and  construct a gun  having  these 
capabilities.  The gun that was designed  and  constructed  by  the  sub-con- 

tractor  proved  to  be  inadequate  to  make  the  test  firings  because  the  sphere 
trajectories could not  be  controlled  sufficiently to insure  impact of the 

sphere  against  the  1-inch-diameter  circular  specimen  plate. As a con- 
sequence of  the  failure  of  the  sub-contractor to produce  a  usable gun, it 
was  not  possible  to  make  the  firings  at  elevated  temperatures. 

It  is  possible,  however,  to  calculate  the  denting  velocity  of  a  metal 
at  elevated  temperatures. To be  able to calculate  values  of  acoustic  im- 

pedance  given  by  eq (1.21, and infinite  medium  sound  speed  given  by  eq 
(1.4), for a metal  at  elevated  temperatures,  it  is  necessary  to  know  the 
density,  elastic  modulus,  and  Poisson's  ratio of  the  metal  at  these  tem- 
peratures. 

High-temperature  densities  can  be  computed  by  calculating  the  unit 
volume  at  the  desired  elevated  temperature. The high-temperature  densities 
of  Udimet 700 found  in  this  way  are  listed  in  Table 7.5. In obtaining 
these  high-temperature  densities,  the  reported [21] values  of  the  mean 
coefficient  of  thermal  expansion  for  Udimet 700 over  the  temperature  range 
considered was used. 

To obtain  values of the infinite  medium  sound  speed  at  elevated  tem- 
peratures, the values of Young's modulus,  Poisson's  ratio,  and  the  density 
at  the  desired  elevated  temperatures  were  fed  into  eq (1 -4) For  Udimet 
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Table 7.5 

Elevated-Temperature Data f o r  Udimet 700 and  Calculated 
Values  of  Elevated-Temperature  Denting  Velocity of This  Alloy 

' ec t ion  A. Elevated-Temperature  Properties I 
! 

Density,  p ' , 
g/cm 3 

7.916 
7.892 
7.858 
7.822 
7.786 
7.745 
7.701 
7 - 651 
7.593 
7.523 

- 

Sound Speed, c ' , 
cm/sec 

6.365 x lo5 
6.344 x 10 5 

6.270 x lC5 
6.186 x lo5 
6.050 x 10 5 

5.942 x lo5 
5.805 x lo5 
5.697 x l o 5  
5.524 x 10 5 

5.715 x lo5 

dyn/cm 

5.038 x 10 
5.006 x 10 
4.927 x 10 
4.839 x 10 
4.710 x 10 7.963 x 10 
4.602 x 10 7.791 x 10 
4.470 x 10 7.653 x 10 
4.358 x 10 7.515 x 10 
4.194 x 10 5.516 x 10 
4.299 x 10 2.896 x 10 

6 
6 
6 

"" 

"" 

"" 

9 (a) 
9 (a) 
9 (a) 
9 ( a )  

9 (a) 
9 (a) 

.# 

Sectlor. 3.  Eleveted-Temperature  Energy  per  Unit Volume Required f o r  
Flow and  Denting  Velocity 

r - e rpe ra tu re ,  

op 

a00 

1000 

1200 

1400 
1600 
1800 

t 
Energy per  Unit Volume Denting  Velocity, 

Required  for Flow, 

dyn/cm 2 cm/sec 
. -  

2.919 x lo7 12.24 
2.840 x 107  12.30 
2.777 x lo7 12.52 

2.715 x lo7 12.68 
1.857 x lo7 9.16 
0.870 x 107  4.12 

( a ) A i r c r a f t  Engine Group Material P rope r t i e s  Data Handbook, General 
E l e c t r i c  Company, Evendale,  Ohio,  See  Vol. 11. 
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7 ' -  Ccissm's r a t i o ,  * J ,  over   the   des i red   t empera ture   range  was ca lcu l -  

i a t e c   u s i n g   . r e p o r t e d   v a l u e s  [21] of  Young's  modulus  and  modulus of  

r i g i d i t y  a t  the   des i r ed   e l eva ted   t empera tu res  

A f t e r   v a l u e s   o f   i n f i n i t e  medium sound  speed, c ' ,  and   dens i ty ,  p ' ,  

were c a l c u l a t e d  a t  t h e   d e s i r e d   e l e v a t e d   t e m p e r a t u r e ,   t h e   v a l u e s  of a c o u s t i c  

impedance f o r  Udimet 700 at these   t empera tures  were found .from eq (1 .2 ) .  

P. sunmary of the   h igh- tempera ture   p roper t ies   needed   to   ca lcu la te   h igh-  

temperature   values  of  t h e   d e n t i n g   v e l o c i t y   o f  Udimet 700 are l i s t e d   i n  

Table 7.5. Reported  values  [21] of  0.2 p e r c e n t   o f f s e t   y i e l d   s t r e n g t h  are 

also l i s t e d .  

The e n e r m   p e r   u n i t  volume  up t o   t h e   y i e l d   s t r e n a t h   o f  Udimet 7 G O  
was ca l cu la t ed   w i th   u se   o f   eq  ( 7 . 4 )  fo r   s ix   e l eva ted   t empera tu res .   These  

values ere l i s t e d   i n   S e c t i o n  B of Table 7.5. The va lues  of denting  ve- 

lcci t : , -   were  theE  calculated  with  use  of   eq  (7 .3)   using  the  calculated 

kick-temperature   values   of   energy  per   uni t  volume r e q u i r e d   f o r  flow and 

t t e   k i g h - t e s p e r a t u r e   v a l u e s  of densi ty ,   sound  speed,  and  a c o u s t i c  i m -  

pedance  given  in  Table 7 .5 .  The calculated  high-temperature   values  of  

d e c t i o g   v e l o c i t y   f o r  Udimet 700 are a l s o   l i s t e d   i n   S e c t i o n  B of Table 7 .5 .  

From the   va lues   o f   s t ee l - sphe re   den t ing   ve loc i ty   fo r  Udimet 700 given 

in   Table  7.5,  it can   be   s een   t ha t   t he   den t ing   ve loc i ty   i nc reases   ve ry  

s l i q h t l y  from 8OO0F t o  1400°F. T h i s   v e r y   s l i g h t   i n c r e a s e  may o r  may not 

be  reaninqf'ul. The s t ee l - sphe re   den t ing   ve loc i ty   o f  Udimet 700 s u f f e r s  

a sharp   dec l ine  a t  temperatures   higher   than 1600'~. The changes  in  sound 

speeC arid a c o u s t i c  impedance wi th   i nc rease   i n   t empera tu re  are gradual  as 

CEP. be  seep,  from Sec t ion  A of Table 7.5. Consequent ly ,   the   sharp   dec l ine  

in   den t ing   ve loc i ty   can   on ly   be   due   t o  a sharp   reduct ion  i n  y i e l d   s t r e n g t h  

sf t ' r i s   a l l o y  from  which the   ene rgy   pe r   un i t  volume r e q u i r e d   f o r  flow was 

ce lcu la ted .   That  a sharp  drop i n  t h e   y i e l d   s t r e n g t h   o f  Udimet  700 oceurs  

at 1500°F can  be  seen  from  Figure 7.3. From t h e   v a l u e s  of s t ee l - sphe re  

d e n t i n g   v e l o c i t y   f o r  Udimet 700 given   in   Table  7.5, it can  be  seen  that  

Zent ing   ve loc i ty  i s  very l i t t l e  a f fec ted   by   an   increase   in   t empera ture  

u n t i l  a s t r o n g   r e d u c t i o n   i n   y i e l d   s t r e n g t h   o c c u r s .  

P l ans   fo r   t he   s tudy   t ha t   has   been   ca r r i ed   ou t   i nc luded   t he   measu re -  

ment o f   t h e   d e n t i n g   v e l o c i t y   o f   n i c k e l  270 at  e leva ted   t empera tures .  
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Figure 7.3. Yield  Strength of Udimet 700 With Increase i n  Temperature. [21] 
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Elevasea-tenperature  values  of  denting  velocity  for  nickel 270 were  not 
calcGated because the  time limit for completing the work  of  the  study 

had  expired. 

7.3 2ynanic  Yield  Strengths  of  the  Selected  Metals 

The third  objective of the study  that  has  been  carried  out  was to 
calcclate the dynamic  yield  strengths of the selected  metals  from  the 
threshold  velocities  required to dent  them.  Evidence for an  elevated 

dynmic strength  must  be  sought  in the  results  of  the  statistical  analysis 

of  Section 6. & displacement of the crater-depth-versus-velocity plot 
and  no  change  in  its  slope  at  high  velocities  with  respect to its  slope 

at low velocities was observed  for the face-centered-cubic  metals 1100-0 
alurcinum, 2024-0 aluninum,  and  electrolytic  tough  pitch  copper.  This 

observation  leads  to the conclusion  that no dynamic  elevation  in  the  yield 
strer&h of these metals  occurs. The  values  of  the  slope  of  the  line  and 

of the  velocity  intercept  for  the  low-velocity  and  hiah-velocity  branch 

of the crater-depth-versus-velocity plots  of  the  other  selected  metals 

are  qiven  in Table 7.6. The changes  in  these  quantities and the signs 

of  the  changes  are  also  given  in  this  table. 

" 

" 

From Table 7.6 it can De seen  that  the  change in  slope  that  occurred 

is  cegative  for  the  face-centered-cubic  and  hexagonal-close-packed  metals 

but  is  positive  for  the  body-centered-cubic  metals. The decrease  in  slope 

sustained  by  nickel,  Udimet 700, and  zinc  means  that the efficiency of 
penetration  is  reduced. In the  case of nickel, and  possibly  in the  case 

of Ucimet 700,. this  may  be  the  result  of  work-hardening.  Zinc,  however, 
has  a  very low work-hardening  capacity  (see  Section 5.4). 

In the  case  of  nickel  the  high-velocity  section  of  the  crater-depth- 

versus-velocity  plot  branches  off  the  low-velocity  section  without  evi- 

dence of a  displacement  or  translation  along  the  impact-velocity  axis 

(see  Figure 6.2). In the case of solutioned  Udimet 700, aged  Udimet 700, 
and zinc,  the high-velocity  section  of  the  curve  is  displaced to the  right 

along the impact-velocity  axis with  respect to the low-velocity  section 

(see  Figures 6.4, 6.5, and 6.7). This displacement  is  associated  with  a 

larger  denting  velocity  and,  consequently,  with an elevated  aynamic  yield 

strength. 
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l'r1bI c' 7 .G 
Charac te r i s t i c s  of t 1 1 c .  I ,c~w-V~locity :mtl Ilich-Velocity  h-nnchcs of the Crater-Depth-Versus-Velocity P lo ts  

* I 
; Metal 
! 
! 

Nickel 270 

i Nic le l  270 

; U-700 Sol ' n .  

U-700 Aged 
! 

j ::;;: :?: 
1 

Armco I ron  

Armco Iron 

Tantalum 

Tantalum 

____- 
Latt icc, 
Pclckinr: 

Type 

f cc 

fcc  

f cc 

f cc  

hex 

hex 

bc c 

bcc 

bcc 

bcc 

"" 

C1.iticn.1 
Velocity 

cm/sec 

6500 

6500 

6500 

6000 

9000 

9000 

10550 

10550 

18000 

18000 

Sphere 
Diam. 
inch 

0.175 

0.0938 

0.0938 

0.0938 

0.175 

0.0938 

0.175 
0.0938 

0.175 
0.0938 

Low 
Velocity 
Dranc h 

0.05936 

0.03266 

0.01177 

0.01516 

0.05146 

0.02784 

0.0321 

0.01624 

0.03094 

0.01662 

" 

L 

tlich 
Veloc i t y  

lJrarlc h 
-___ 

0.04791 

0.02540 

0.01 133 

0.01167 

0.05065 

0.02576 

0.03710 

0.0160i 

0.03315 

0.01847 

I 

i '  
I 
! - 

i n  Velocity  Velocit 
S lope  Branch Uranch ' 

-0.011 45 zero 

-0.00726 119 
-0.00044  210 

-0.00349 367 
-0.00081 zero 

-0.002oe 12 

to. 0050C 114 

tO. 00177 3 

t o .  00223  106 

t o .  0018d 200 

I 

I 

! 693 

zero 

zero 

219 

893 

447 
28 

1898 
648 

In t e rccp  
Velocity 

zero 

-119 

+ 9  
+526 

+447 

+ 16 

+1784 
i 6 4  5 

+587 

t1207 

Evidence of 
Dynamic 

Yield 
StrenKth 

- 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 



In the  case  of Armco i ron  (see Figure 6 . 8 )  and of  tantalum  (see 

Figure 6 . 9 ) ,  the   s lope  of the  high-velocity  section of the  crater-depth- 

versus-velocity  plot  i s  increased  with  respect  to  that   of  the  low-velocity 

sect ion.  !he increase  in   s lope i s  associated  with  an  increase  in   the 

e f f ic iency  of pene t ra t ion .   In   the   case  of Armco i ron  and tantalum,  the 

increase  in   s lope  of   the  high-veloci ty   sect ion  with  respect   to   that  of 

tke  low-velocity  section i s  associated  with a larger   dent ing  veloci ty  

and,  consequently,  with  an  elevated dynamic y ie ld   s t rength .  

Bennett  and S inc la i r  [22] have r epor t ed   t ha t   i n   t he  low-temperature 

range, the  engineer ing  yield  s t rength  of   polycrystal l ine body-centered- 

cubic metals can  change by a f ac to r  of 10 or  more with  serious  consequences 

appearing  in   the form  of b r i t t l e   f r a c t u r e .  They state that  for  each  metal  

there  is  a temperature  region where the   y i e ld   s t r eng th   r i s e s   r ap id ly   w i th  

small decreases  in  temperature  or  with  increases  in  loading  or  strain 

r a t e .  They s t a t e   fu r the r   t ha t   r eg ions  of extreme  dependence  of y i e ld  

s t r e s s  on rate and temperature  are  generally  not  observed  in  face-centered- 

cubic metals but   tha t  some hexagonal-close-packed metals exhibi t  a r a t e -  

and temperature  sensit ive  yield  behavior  that  is not as pronounced as 

t h a t  of t he  body-centered-cubic metals. 

Fractures   in   pipel ines ,   pressure  vessels ,   ships ,  and i n  numerous 

s t r u c t u r a l  members have  been t r a c e d   d i r e c t l y   t o   t h e  change i n  mode of 

f a i l u r e  (from d u c t i l e   f a i l u r e  of t he   l ow-s t r eng th   s t a t e   t o   b r i t t l e   f r ac -  

t u r e  of  the  high-strength  state) and t o   t h e   i n a b i l i t y   t o   p r e d i c t   t h e  

change in   s t rength   accura te ly  [22]. The reason  for   the  e levat ion i n  

s t rength  i s  not known although a number o f   f a i lu re  models  have  been  pro- 

posed.  Bennett and S inc la i r  [22] s t a t e   t h a t  it i s  l i k e l y   t h a t   i n t e r -  

s t i t ial  atoms a re   a s soc ia t ed   i n  some  way with  the  yield  behavior  of t he  

body-centered-cubic metals. Hahn, Gilbert, and Ja f f ee  [23] r epor t   t ha t  

t h e   s o l u b i l i t i e s  of i n t e r s t i t i a l  elements i n  Group V-A metals (vanadium, 

columbium, and  tantalum)  are much grea te r   than   in  Group VI-A metals 

(chromium, molybdenum, and tungsten) .  They repor t   a l so   tha t   increased  

s t r a i n  rate r educes   t he   t o l e rance   fo r   i n t e r s t i t i a l s .  

The dent ing  veloci ty  which corresponds t o   t h e  dynamic strengths  of 

these  metals  can  only  be  assessed as the   i n t e rcep t   ve loc i ty  of t he   c r a t e r -  
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de?tk-versus-velocity  plot. The analysis  of  Section 6 has shown t h a t  

t ke   i n t e rcep t   ve loc i ty  is  very  poorly known. Consequently, the   e leva ted  

+Jnemic y ie ld   s t rength   tha t  w i l l  be  calculated from the   i n t e rcep t   ve loc i ty  

will a l s o  be known with l i t t l e  cer ta in ty .  

The average of t he   i n t e rcep t   ve loc i t i e s  of the  high-veloci ty   sect ions 

of the  crater-depth-versus-velocity  plots  found  with  the two s i z e s  of 

steel spheres   that  were  used are given  in  Table 7.7. From eq (7.3), t h e  

energy  per  unit volume required f0.r flow, E' , i s  given  by 

E' = Vi ( p  c '  zt3)"i / (z + z ' )  (7.5) 

where V; i s  the   dent ing   ve loc i ty   o r   in te rcept   ve loc i ty ,  p i s  densi ty ,  c 

is sour..d speed, and z i s  acoust ic  impedance;  primed q u a n t i t i e s   r e f e r   t o  

t h e   t a r g e t  metal and unprimed q u a n t i t i e s   r e f e r   t o   t h e  steel  of which t h e  

s tee l   spheres  are composed. The elevated dynamic values  of E'  f o r  solu- 

t ion& Udimet 700, w e d  Udimet 700, zinc,  iron,  and  tantalum  (found  with 

use of eq (7 .5 ) ,  the  average  elevated dynamic values of i n t e rcep t   ve loc i ty  

given in   Table  7.7, and t h e  values of sound  speed  and acoust ic  impedance 

given  in  Table 7.3) are g iven   in  Table 7.7. Values of dynamic y i e ld  

s t rength back calculated from t h e  dynamic energy  per  unit  volume required 

for flow  with  use of eq (7.4) and the  quadratic  formula are a l so   g iven   in  

Table 7.7. 

L 

The values of dynamic y i e ld   s t r eng th   t ha t  are given  in   Table  7.7 axe 

l a rge r   t han   t he   s t a t i c   y i e ld   s t r eng ths  of  these metals (see Tables 3.2 
end 7.10). In the  case  of  solutioned Udimet 700, the   fac tor   o f   increase  

is 6.8. I n  the  case  of  aged Udimet 700, the   fac tor   o f   increase  i s  14. 
These f ac to r s  of  increase are c l o s e   t o   t h e   f a c t o r   o f  10 reported by 

Bennett  and S inc la i r  [22]. I n   t h e   c a s e  of z inc,   i ron,  and tantalum,  the 

fector   of   increase is about 100. This is a very  large  factor   of   increase.  

In view  of the  poorness  with which t h e  values of   intercept   veloci ty  axe 

known, it should  be  checked  by a d i f f e ren t  method such as t h e  determina- 

t i o n  of y ie ld   s t rength  a t  reduced  temperature. 

Tvo pieces  of fur ther   research are suggested by t h e   r e s u l t s   t h a t  

have  been reported i n  t h i s   s e c t i o n .  The first of t hese  i s  tha t   the   dent -  

ing  veloci ty  and cratering  behavior of pure molybdenum and  of a molybdenum- 
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Table 7.7 

Dynamic Denting  Velocity, Dynamic Energy per  Unit Volume 
Required f o r  Flow, and Dynamic Yield  Strength 

r i 

High-Velocity 
.letel Range, 

cm/sec 

Sol ' ned . 
Ximet TOO 

above 6500 

above 6000 

0.993 Zinc above 9000 
rrco Iron above  10550 

above  18000 

1 

Average 
In te rcept  
Velocity, 

cm/sec 

219 

893 

238 
1273 

1050 

Energy per  
Unit  Volume 
Required f o r  

Flow 
dyn/cm 2 

5.37901 x 10 a 

2.19605 x lo9 

3.09957 x lo8 
2.93824 x lo9  
2.90444 x lo9 

Dynamic Yield 
Strength,  

dyn/cm 2 

5.752 x 10 10 

4.132 x 10 
1.488 x 
1.479 x 1011 

10 

based alloy such as TZM o r  TZC should be determined  with  use of steel- 

sphere  f i r ings.  Molybdenum i s  a body-centered-cubic  metal  of Group VI-A. 

I n  view  of t h e   p o s t u l a t e d   r o l e   o f   i n t e r s t i t i a l s   i n   t h e  development  of t h e  

dynamic s t rengths   tha t  have been  observed,  and i n  view  of t h e   r e p o r t   t h a t  

t h e  Group VI-A metals have a lower s o l u b i l i t y   f o r   i n t e r s t i t i a l s   t h a n   t h e  

Croup V-A metals, it would be of i n t e r e s t   t o  compare t h e  high-velocity 

cra%ering  response of molybdenuq with  that   of  tantalum. It would a l so  

be of i n t e r e s t   t o  know t o  what ex ten t   the  molybdenum-based a l loys  are 

siibject t o  embrittlement  under  high rates of  loading  because  these  alloys 

are being  considered as possible  materials of  construction  for  high-speed 

alkali-metal-vapor  turbine  blades. 

The second  piece of research  suggested by t h e   r e s u l t s   t h a t  have  been 

reported i s  a search  for  an improved  method of  determining  the  velocity 

in te rcept  of a crater-depth-versus-velocity  plot. 

7.4 Test of the  Cratering  Equation 

The fourth  object ive of the  s tudy  that   has   been  carr ied  out  w a s  t o  

calculate  crater-depth-versus-velocity  curves  using t h e  experimentally 
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determined   th reshold   ve loc i t ies   and   eq   (2 .21)  of Sect ion  2 .  The f i f t h  

obJect ive was t o  compare t h e  slopes of the   ca l cu la t ed   cu rves   w i th   t he  

s lopes  of t h e   b e s t - f i t   c u r v e s   a n d   i n   t h i s  way t o   t e s t   t h e   c r a t e r i n g  equa- 

t i o n .  Tile c ra t e r ing   equa t ion   ( eq   (2 .21 )  of S e c t i o n   2 )  i s  

6 ’  = (k d / c )   [ z / ( z  + z ’ , ]  [v - Vi]  

- h e r e  6 ‘  i s  c r t i t e r   depth ,  V i s  impact   ve loc i ty ,  V .  i s  the   impact   ve loc i ty  

f o r  which t h e   c r a t e r   d e p t h  i s  j u s t   z e r o ,  z i s  acoustic  impedance, i: i s  

so7mC speec,  2 i s  sphere  diameter,   and k i s  a numerical   constant;   primed 

q u a z t i t i e s   r e f e r   t o   t h e  material o f   t h e   t a r g e t   p l a t e  and  unprimed  quanti- 

t i e s   r e f e r   t o   t h e   s t e e l  of  which the   s tee l   spheres   a re   cor ,posed .  

1 

On t h e   b a s i s  of ?&st exper imenta l   c ra te r -depth-versus-ve loc i ty   p lo ts  

[TI, t i l e   n u e r i c a l   c o n s t a n t  k was found t o  have a value  of  about 17 .5  
f o r  tke  irxpacts of s t e e l   s 2 h e r e s   a g a i n s t   t a r g e t   p l a t e s   o f   m e t a l s .  Un- 

f c r y a n a t e l y ,   t h e   z e t a l s  or. which the   cons t an t  was based  were a l l  face-  
”” -.“.Yered  csFJics, ro c r a t e r i n g   d a t a  were c o l l e c t e d  i n  the  low-veloci ty  

rar,qe z r 2  t h e   v d L e   c f  k w a s  no t   assessed  from b e s t - f i t   e q u a t i o n s .  To 

ct i lculate  crater-deFth-versus-velocity curves  with  use of t h e   c r a t e r i n g  

eqLetion, it i s  f i r s t  necessary t o  determine  the  value of the   cons tan t  

k nore  extictiy.  

Equation ( 2 . 2 1 )  appl ies   to   the   low-veloc i ty   c ra te r -depth-versus-  

velocizy cTLrves. That i s ,  i n  i t s  p r e s e n t   s t a t e  it does   no t   t ake   in to  

~ C C O L T I Z  c h z r ~ e s  i n  c r a t e r ing   behav io r   t ha t   occu r  as a r e s u l t  of work- 

har2enir.d o r  as a r e s u l t  of s t r a i n - r a t e   s e r t s i t i v i t y   d u e   t o  a high con- 

cer.tr&xior, of i L t e r s t i t i a l s .  The va lues  of t he   cons t an t  k* t h a t  were 

f c ~ n  for   the   lox-ve loc i ty   sec t ions   o f   the   c ra te r -depth-versus-ve loc i ty  

F i c t s  ir: r z k i r q  t?,e s t a t i s t i c a l   a n a l y s i s  of Sec t ion  6 are g iven   i n   abl le 
? C  ._ cloy uith  t i le   sphere  diameter   and  the  value  of   the  constant  Ir which 

ir,s ’ceck c a l c u l a t e d  from the   exper imenta l   va lue   o f   the   coni tan t  k* w i t h  

use of eq ( 2 . 2 3 ) .  

Several   conclusions  are   immediately  evident  on i n s p e c t i n g   t h e  cal-  

cu la ted   va lues  of t he   cons t an t  k i n   T a b l e  7.8.  On comparing t h e   v a l u e s  

of k obtained  with 2024-0 aluminum a l loy   w i th   t he   va lues   o f  k obtained 

wi th   t he   pu re  metal 1100-0 aluminum, it can   be   seen   tha t   there  i s  much 
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Table 7.8 

Values of the  Constants k* and k 

Wet a i  

1 
c .  

L a t t i c e  
Packing 
me 

fcc 
fcc 
f cc 
fcc  
fcc 

fcc  
f cc 

f cc  

hex 
hex 

. .. . 

bc c 
bcc 

bcc 
bcc 

~ ~~~~~ 

fcc  
fcc  
f c  c 

Pure  Metal 
or  Alloy 

pure  metal 
pure 'metal 
pure  metal 
pure  metal 
pure  metal 

pure metal 
pure  metal 

pure  metal 

pure  metal 
pure  metal 

pure  metal 
pure  metal 

pure  metal 
pure  metal 

=- 

a l l o y  
a l l o y  
a l l o y  

t I 
I 

Constant k* 

sec/cm 

0.207106 

0.202763 

0.196604 

0.199184 

0.195204 

0.133543 
0.137072 

0.149432 

0.115766 
0.116850 

~~~ ~ ~~ 

0.0722171 
0.0681833 

0.0696130 
0.0697379 

(0.118354) 
0.162280 
0.141801 

fcc  

0.0636184 a l l o y  f cc  

0.0494174 a l l o y  

Sphere 
Diameter, 

Constant k inch 

16.7559 

0.0938 15.9063 

0.3125 16.115 
0.5000 

16.4046 
0.175 15.793 
0.2188 

16.19 

16.4758 0.175 
16.9112 0.0938 
16.694 

16.85 
16.85 

0.3125 

11.4145 
11.5214 

0.175 

11.468 
0.0938 

8.53433 
8.05763 

0. .75 

8.296 
0.0938 

10.142 0.175 
10.1602 0.0938 
10.151 

(9.6497) 

0.2188 11.5614 
0.3125 13.2311 
0.5000 

12.396 

5.97029 0.0938 
7.68923 0.0938 
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;.,ore s c a t t e r   i n   t k e   v a l u e s   o f  k f o r   t h e   a l l o y   t h a n   f o r   t h e   p u r e  metal. 

Tinis sugges t s   t ha t   i nhomogene i t i e s   i n   t he   s t ruc tu re   o f   an   a l loy  max a f f e c t  
- 

"" t he   va lue   o f   t he   c r a t e r ing   cons t an t  &. A second  observat ion i s  t h a t   t h e r e  
is  no   t r end   t h rough   t he   va lues   o f   t he   cons t an t   k ,   e i t he r  f o r  t h e   a l l o y   o r  

f o r   t h e   p u r e  netal ,  which  can  be  associated w i t h  t h e   t r e n d   i n   s p h e r e  

d i a re t e r .   Th i s   con f i rms   t ha t  the constant  &is independent   of   the   s ize  

- of  impinging  spheres. 

A t h i rd   obse rva t ion  i s  t h a t ,  by i n s p e c t i o n ,  J& average  value  of   the "- 
c o n s t a t  k i s  l o w e r   f o r   t h e   a l l o y   t h a n   f o r   t h e   p u r e   m e t a l .  The t h i r d  

observat ion i s  s u b s t a n t i a t e d  by conpa r ing   t he   va lues   o f   k . fo r   pu re   n i cke l  

k-itk. t hose   fo r   t he   n i cke l -based   a l loy  Udimet 700. Ca r ry ing   t he   t h i rd  ob- 

servet ior ,   , tur ther ,  it can   be   seen   tha t ,   a l though  the   va lue  of k i s  essen- 

t i a l l y   t h e  sane for   the  face-centered-cubic   pure metals (aluminum,  nickel,  

and copper) , it has a d i f f e r e n t   v a l u e   f o r   t h e   h e x a g o n a l   p u r e  metal ( z i n c ) ,  

and for   the  body-centered-cubic   pure metals ( i r o n  and  tantalum).   Further-  

more, t he   va lue   o f   t he   cons t an t  k i s  q u i t e   d i f f e r e n t   f o r   t h e  two body- 

centered-cubic   pure  metals   ( i ron  and  tantalum)  and f o r  t h e  two face-  

centered-cubic   a l loys  (2024-0 aluminum and Udimet 700) .  

""- 

Agreement in   t he   va lue   o f   t he   cons t an t  k p r o v i d e s   i n  i t s e l f  a s t r i n -  

gent  t es t  o f   t he   c r a t e r ing   equa t ion .  The obse rva t ion   t ha t   t he   cons t an t  

k i s  t h e  same f o r  aluminum, nickel ,   and  copper   leads  immediately  to   the 

conc lus ion   t ha t  the c r a t e r i n g   e q u a t i o n   i n  i t s  present   form i s  c o r r e c t  for 
face-centered-cubic  pure metals t h a t  are impacted by s tee l  spheres .  - 

- The obse rva t ion   t ha t   t he   cons t an t  k i s  d i f f e r e n t  for d i f f e r e n t  E- 
t i c e   p a c k i n g   t y p e s  and f o r   a l l o y s   s u g g e s t s   t h a t  a d imens ionless   fac tor  i s  

missing from the   c ra te r ing   equat ion .   That  a dimensionless   factor   might  

be missing was p o i n t e d   o u t   i n   S e c t i o n  2.3. The o b s e r v a t i o n   t h a t   t h e  

constant  &is d i f f e r e n t   f o r   t h e  two  body-centered-cubic metals ( i ron   and  

tan ta lum)   ind ica tes   tha t   the   miss ing   d imens ionless   fac tor  i s  no t   l imi t ed  

- 

- t o  5 d i f f e r e n c e   l a t t i c e   p a c k i n g  type. 

The rcetals f o r   t h e   s t u d y   t h a t   h a s   b e e n   c a r r i e d   o u t  were chosen on 

t h e   b a s i s   t h a t ,  when considered  two at a time, they  would  have similar 

d e n s i t i e s  and d i f f e r e n t  sound  speeds  or similar sound  speeds  and  different  

d e n s i t i e s   ( s e e   S e c t i o n  1 .6 ) .  The metals, a long  with  the  values   of   sound 
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speec!, Cer,si ty,   and  constant k for each,  are l i s t e d   i n   g r o u p s  of two o r  

t h r e e   i n   T a b l e  7.9. The members of Group I are t h e   t h r e e  metals f o r  

which the   va lues   o f   t he   cons t an t  k are c l o s e l y  similar. On inspec t ion  

o f   t he   va lues   o f  sound  speed  and  density  for  the members o f   t h i s   E roup ,  

t he re   appea r s   t o   be  no obvious  re la t ion  between  the  values   of   these  prop-  

e r t ies  and the   va lue  of t he   cons t an t  k.  A similar conclus ion   resu l t s   f rom 

inspec t ing   t he   da t a   fo r   t he   o the r   g roups .   A l though  it appears from t h e  

d a t e   f o r  Group I1 and Group I11 t h a t  when d e n s i t y  i s  t h e  same k v a r i e s  

inverse ly   wi th   sound  speed ,   the   da ta   for  Group I V  do no t   suppor t   t h i s  

conclusion. 

- The  change in   t he   va lue   o f   t he   cons t an t  k does   co r re l a t e   w i th   t he  

d i f f e r e n c e   i n   t h e   g r o s s   s u r f a c e   c o n t o u r  of t h e   c r a t e r s  shown in   F igu re  

- 5 . L .  T h i s   c o r r e l a t i o n  w a s  po in ted   ou t  ear l ier  [7] when it w a s  f i r s t  ob- 

s e rved   t ha t   t he   s lope   o f   t he  crater-depth-versus-velocity c u r v e   f o r   s t e e l -  

sphere  impacts   against  2024-0  aluminum w a s  lower  than t h a t  of the   cor res -  

ponding  curves  for 1100-0 aluminum  and f o r   e l e c t r o l y t i c   t o u g h   p i t c h   c o p p e r  

In   Figure 5.4 it can   be   seen   tha t   n icke l ,   z inc ,  and  aluminum show no 

buckl ing   of   the  metal around  the mouth o f   t h e   c r a t e r ;   i n s t e a d ,   t h e  metal 

i n m e d i a t e l y   a d j a c e n t   t o   t h e   c r a t e r   e d g e  i s  i t s e l f   dep res sed   be low  the  

o r i g i n a l   s u r f a c e   o f   t h e  t es t  p l a t e .  On t h e   o t h e r   h a n d ,   i n   t h e   c a s e   o f  

t an ta lum,   i ron ,  Udimet 7 0 0 ,  and 2024-0  aluminum (see  Reference [TI ) ,  t h e  

ne t a l   immedia t e ly   ad jacen t   t o   t he   c r a t e r   edge  i s  raised  above t h e  original 

su r face   o f   t he  t e s t  p l a t e .  

Diagcost ic  t es t s  made ear l ier  [ 7 ]  i n   a n   a t t e m p t   t o   u n d e r s t a n d   t h i s  

d i f f e r e n c e   i n   c r a t e r   c o n t o u r  showed t h a t  it i s  n o t   t h e   e f f e c t  of a t e n s i o n  

wave r e f l e c t e d  from the   oppos i t e   s ide   o f   t he  t es t  p l a t e .  The t e n t a t i v e  

conclus ion   tha t  w a s  drawn from t h e s e   s t u d i e s  was t h a t   r e l a t i v e  work- 

hardening   capac i ty   o f   the  metals might  be  involved. It was thought t h a t  

work-hardening  of  the metal a d j a c e n t   t o   t h e   s i d e s  of t he   c r a t e r   migh t  

favor  a fa i lure  i n   s h e a r   a r o u n d   t h e   c r a t e r  a t  45 d e g r e e s   t o   t h e   d i r e c t i o n  

of   incidence  of   the  sphere  that   impinged  over  a f a i l u r e  i n  shear  through 

t h e   t h i c k n e s s   o f   t h e  t es t  plate [TI. However, the  study  of  work-hardening 

a r o u n d   t h e   c r a t e r s   d e s c r i b e d   i n   S e c t i o n  5.4 has   p roduced   t he   r e su l t   t ha t  

the  work-hardenabi l i ty  of t h e  metals due to   s t ee l - sphe re   impac t s  i s  i n  

t h e   o r d e r :   n i c k e l  > i r o n  > Udimet 700 > (z inc ,   t an ta lum,   and  a luminum) .  

2 17 



Table 7.9 

Com2arison of t h e   V a r i a t i o n   i n   t h e   C o n s t a n t  k wi th  
Var i a t ion  ir, the   Dens i ty   and  Sound  Speed of t h e  Test Metal 

Group 

I 
I 
I 

I1 
I1 
I1 

I11 
I11 

IV 
I 17 

'J 
V 

V I  
V I  

Vi1 
VI1 

Densi ty ,  Sound Speed I 
g /  cm3 cm/sec 1 Constant ,  k 

2.713 
8.902 
8.96 

6.318 x l o 5  
5.652 x lo5 
4.691 x 10 5 

16.19 
16.694 
16.85 

7.874 
7.133 
7.92 

8.902 
8.96 

~~~~ 

5.874 x lo5 
4.340 x lo5 
6.100 x l o 5  

" 

5.652 x 10 
4.691 x 10 

5 
5 

~~ 

8.296 
11.468 
5.97 

16.694 
16.85 

2.713 
2.768 

6.318 x lo5 
6.370 x 10 5 

16.17 
12.396 

7.874 
8.902 

8.296 
16.694 

7.133 
16.6 

4.340 x 10 5 
4.081 x lo5 

11.468 
10.151 

7.92 
2.713 

6.100 X 10 5 
5 6.318 x 10 

5.97 
16.19 
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t he   o the r   hand ,   t he   o rde r ing   o f   t he  metals i n  terms of   the   va lue  of 

t he   cons t an t  k i s :  ( n i c k e l ,  aluminum, copper) > (z inc  and 2024-0 aluminum) 

> ( tantalum and i r o n )  > Udimet 700. This   evidence  does  not   substant ia te  

t h e   r o l e  of work-hardenability as a n   e x p l a n a t i o n   o f   t h e   d i f f e r e n c e   i n  

c ra t e r   con tour   w i th  a consequen t   d i f f e rence   i n   t he   va lue   o f   t he   cons t an t  

k. 

The r a i s e d   c o l l a r   o f  metal a round   t he   c r a t e r   obse rved   fo r   t an t a lum,  

i r o n ,   U d k e t  7 0 0 ,  and 2024-0  aluminum,  which are t h e  metals f o r  which t h e  

value  of k i s  reduced ,   resembles   the   cy l indr ica l  wave t h a t  is oroduced 

when a l i qu id   d rop   co l l i des   w i th   t he   su r f ace   o f  a l i q u i d  [24]. Liquids 

are charac te r ized  by the   p rope r ty   o f   ze ro   s t r eng th   i n   shea r .   Th i s   sug -  

ges t s   t ha t   t he   fo rma t ion   o f  a r a i s e d   c o l l a r   o f  metal around a c r a t e r  may 

be   assoc ia ted   wi th   the   y ie ld   behavior   o f   the  metal o f   t he  tes t  p l a t e .  

An ef for t   has   been  made t o   f i n d  a d i m e n s i o n l e s s   r a t i o   t h a t  i s  as- 

soc ia t ed   w i th   t he   y i e ld   behav io r   o f  metals and that   can  be  used as a 

means of   approximating  the  value  of   the  constant  k t h a t  w i l l  be  found t o  

be   cha rac t e r i s t i c   o f  a given metal. Bennet t   and  Sinclair  [22] have re- 

po r t ed   t ha t   t he   r a t io   o f   f l ow stress t o   e l a s t i c  modulus appea r s   t o   be  

t h e  same fo r   me ta l s   o f   t he  same c r y s t a l   s t r u c t u r e .  Later evidence  has 

subs t an t i a t ed   t h i s   r epor t   and   has  showed t h a t   t h e   r a t i o   h o l d s   n o t   o n l y  

fo r   t he   pu re  metals b u t   a l s o   f o r   a l l o y s  [25]. 

A tes t  w a s  made t o  de t e rmine   whe the r   o r   no t   t he   r a t io   o f   y i e ld   s t r e s s  

t o   e l a s t i c  modulus can   be   co r re l a t ed   w i th   t he   change   t ha t   occu r s   i n   t he  

numerical   constant  k.  The value  of  Young's  modulus was determined  for 

each   of   the   se lec ted  metals by a s s e s s i n g   t h e   i n i t i a l   s l o p e   o f   t h e  stress- 

s t r a in   cu rve .   Because   t h i s  method is s u b j e c t   t o   c o n s i d e r a b l e   e r r o r ,   t h e  

value  of  Young's  modulus w a s  a l so   de te rmined   for   each   of   the   se lec ted  

metals with  use  of  eq (2.17) and  the  measured  values  of  speed  of  sound 

i n   i n f i n i t e  medium g i v e n   i n  Table 3.1; literature values of   Poisson 's  

r a t i o  were used. The va lues  of 0.2 p e r c e n t   o f f s e t   y i e l d   s t r e n g t h  and  of 

Young's  modulus f o r   t h e   s e l e c t e d  metals are l i s t e d  in   Table  7.10. It 

:an be  seen  from Table 7.10 t h a t   t h e   v a l u e   o f  Young's  modulus f o r   z i n c ,  

as determined by t h e  two  methods t h a t  were used, i s  q u i t e   d i f f e r e n t .  

From t h e   s t r e s s - s t r a i n   c u r v e   f o r   z i n c  shown in   F igu re  5.16, it appears 
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Table 7.1G 

.J< - - "5-2 StreIgtth, Poisson's  Ratio, and Young's Modulus from the  Measure6 
Ssress-Strain  Cwes and Measured Sound Speeds  of the  Selected  Metals 

~ ~~ ~ ~~~ ~ 

0.2 percent 
Offset  Yield 
Strength, 

10 dyn/cm 8 2 Poisson's 
R a t  i o  

Young's Modulus 
from Stress- 

S t ra in  Curve , 
2 loll dyn/cm 

13. 

6.93(a) 
4.96(b) 
1994 (b)  

7.47(a) 
20.8 

15.7 
23. 6(b) 
26. 2(b) 

20.68(f) 

(b)  

(a) 

I .  

2 Stress-szrziz  curve measured by Lafayette  Irwin, Mechanics Section,  National 
I i=uze%~ of Standaris, \Tashington, D.C. See  Reference [ T I .  

, b' Str=ss-strsi.n c-xve  neasured by G.R. Frey,  General  Electric Coupany,  Lynn, 
Messrz:?csetts.  See Section 4.4 of th i s   repor t .  

(''%-a5 sseed nezsured by C.E. Tschiegg , Sound Section,  National Bureau of 

(U'Soud speed measured by H.A.F. Eocha, General Electric  Materials and 

Star..krds, Washington, D.C. See  Reference  [7]. 

F'rocesses Laboratoq, Schenectady. New York. See Section 4.3 of t h i s  
recort  . 
.-.ercspace Structural  Metals Handbook,  Vol. 1, Ferrous  Alloys, A.F. Materials 
Tzborztary , 3rd Rev., Syracuse  University  Press, 1966. 

I \  
\e: , ,  

( f )Crc?ible  S tee l  Company, Cincinnati  Office, Telephone Communication. 

(g)2.,J. Enithells,  Metals  Reference Book, 4th Ed. , Plenum Press, New York, .. .r -,. I. , 1467. 
(L; Calcuiated  vzlue. 
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%st t he  Eookean region is  qui te   poorly  def ined;   this   suggests   that  

assessrrent  of tile value  of Young's  modulus  from the  s t ress-s t ra in   curve 

does  not  produce  very  accurate results. 

The values o f  Young's  modulus found  from t h e  measured values of in- 

f i i i i t e   ned im souna  speed were considered t o  be the  more r e l i a b l e  and 

were u e d   i n   c o q m t i n g   t h e   v a l u e s  of t h e   r a t i o   o f  0.2 percent   offset  

:riel6 s t r e r g t h   t o  Young's modulus t h a t  are given i n  Table 7.11. The 

vzlues of t k e  r a t i o  are plot ted  against   the   values  of the  constant  k fo r  

tke  selected  metals   in   Figure 7.4. Values of y i e l d   s t r e s s   a r e   s u b j e c t  

to   cons iderable   var iz t ion  even when determined  under  carefully  controlled 

conditions. It could  not  be hoped t h a t   t h e  data. would f a l l  on a l i n e  

even  though tne   po in ts  are averages  of two o r  more values.   In  Figure 7.4, 
the  curved  relation  has  been  indicated  roughly  with a band. 

It i s  t o  be  expected  that more i s  involved  in  the  constant k than 

the  yield  behavior   of   the  metal se l ec t ed   fo r  tes t .  It is  airea6y known 

tha t   the   cons tan t  k has a different  value  for  tough  pitch  copper,  1100-0 

aluILinUc1, and 2024-0 aluminum when mercury  drops and waterdrops  are  used 

as p ro jec t i l e s   r a the r   t han  steel spheres. It is  ve ry   l i ke ly   t ha t  a change 

in   the  constant  k will be  observed when spheres made of so l id s  t h a t  have 

values of t h e   r a t i o  of y i e l d  stress t o   e l a s t i c  modulus d i f f e ren t  from 

t h e t  of s teel  are used as p ro jec t i l e s .  

It was t en ta t ive ly  concluded that   the   desired  funct ion  might   be  the,  

quot ien t   o f   the   ra t io  of y i e l d  stress t o  Young's modulus f o r  the s t e e l  of 

which t h e  steel  spheres were composed divided by t h e   r a t i o  of y i e l d  stress 

t o  Young's modulus f o r   t h e  tes t  metal. Values  of t h i s   f u n c t i o n ,  which 

i s  a r a t i o  of two dimensionless   ra t ios  and i s  he rea f t e r   r e f e r r ed  to as 

function-R, are l i s t e d   i n   T a b l e  7.11; they are plot ted  against   the   average 

values  of  the  constant k f o r   t h e   s e l e c t e d  metals in   F igure  7.5. From 

Figure 7.5 it appeared  that  function-R  might  bear a s t ra ight - l ine  re- 

l a t i o n s h i p   t o  t h e  constant  k. Curve f i t t ing   o f   the   average   va lues   o f   the  

constant k and the  values  of  function-R, which are given  in   Table  7.11, 
with  use  of  the computer  program (21) was car r ied   ou t .  Because it i s  

not known whether or   no t   there  is a change in   s lope  of the   c ra te r ing  

curve for 2024-0 aluminum as a result of  work-hardening, t h e  data fop 
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Table 7.11 

Valuts cf Tke 3.j:~ti.s o f  Y i e l d   S t r e s s   t o  Young's Modul.us f o r   t h e   S e l e c t e d  
Merels z d  t?e 3atio of   these   Rat ios  t o  t h e  Same R a t i o   f o r   S t e e l  

f i n c t l o n  Ti, 

Ratio  of  84.3 x to 
Ratio of 0.2% Offset  t h e   R a t i o  (0.2% Offset  
Tens i l e   Y ie ld   S t r e s s   Tens i l e   Y ie ld   S t r e s s )  f 

t o  Young's Modulus (Young ' E Modulus ) 

2.615 x 

7.175 x 1 11.75 
20.86 4.042 x lom4 
39.23 2.149 x 
27.25 3.094 x lom4 
32.24 

0.788 x 1 9.593 

41.35 x 
43.47 x 
84.30 x I 1.0 

12.15 x 6.938 
I 2.039 

/I I. 939 

! 
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APPENDIX A 

F-gatios for  Significance of Simple  Curvature of a Line With n  Points 

CoEpiled From Standard  References by Lars H. Sjodahl, Ceramic Materials 
3esearch, Xclear Systems Programs,General Electric Co., Evendale, Ohio 

. ~. 

3zrely  Significant 
90 per cent 

" 

39 09 

8.53 

5-54 

4.54 

4.06 

3.78 

3.59 

3.46 

3.36 

3.28 

3.23 

3.18 

" 

" 

3.07 

" 

" 

" 

2.71 

Significant 
95 per cent 

161 

18.5 

10 .1  

7.71 

6.61 

5.99 

5.59 

5.32 

5.12 

4.96 

4.84 

4.75 

4.67 

4.60 

4.54 

4.49 

4.45 

" 

3.84 

Highly Significant 
99 per cent 

4052 

98.5 

34.1 

21.2 

16.3 

13.7 

12.2 

11.3 

10.6 

10.0 

9.65 

9.33 

9.07 

8.86 

8.68 

8.53 

8.40 

" 

6.63 
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Ratio of 8 4 . 3  x 10-4 to   the  Rat io  (0.2% Offset   Tensi le   Yield  Stress)  / Young's Modulus) 

Figure 7.5. P l o t  of Function R (Specified  Ratio for S t e e l  t o  t h a t  of  the  Selected  Metal)  Against  the 
Numerical  Constant k. 



2024-0 aluminum w e r e  no t   cons idered   in   the   curve   f i t t ing .  The F-ratio 

f o r   t h e   l i n e a r  f i t  was found t o  be  0.176  which, fo r   t he   e igh t   da t a   po in t s  

considered,   indicates   that   curvature  i s  not   s ignif icant .  The average 

straight-l ine  equation  found is 

k = 0.313744 R + 5.98103 (7.6) 

where R Cenotes  f'unction-R.  Equation (7.6) i s  p lo t ted  as a dashed l i n e  

in   Figure 7.5. In   Figure 7.5 the   da ta   po in t   for  2024-0 aluminum, which 

was not  used i n   t h e   c u r v e   f i t t i n g ,  is  marked with a cross .  

Substi tuting  eq (7.6) into  eq  (2 .21)  of Section 2, the   rev ised   c ra te r -  

ing  equation i s  found t o  be 

6' = (0.313744 R + 5.98103) (d / c )  [z  / ( z  + z')] [V - V i ]  (7 .7)  

= IC ( V  - V i )  

With use  of eq (7 .7) ,   values  of K were calculated  for  each of the  selected 

metals   using  the  data   given  in   Tables  7.3 and 7.11. The values of K t h a t  

were found are   given  in   Table  7.12. The t h e o r e t i c a l   l o c i  of the   c ra te r -  

depth-versus-velocity  plots are shown with   so l id   l ines   in   F igures  6 .1  
through  6.9. The measured values  of  denting  velocity  given  in  Table  7.1 

were used for   the   quant i ty  Vi. This was done i n   o r d e r   t o   r e a l i z e  one  of 

the  object ives  of the  s tudy  in  t h e  way i n  which it was stated. The dent- 

ing  velocity  should be calculated  with  use of eq  (7.3) and the  quant i ty  

E' i n  eq (7.3)  should  be  calculated  with  use  of  eq (7 .4 ) .  

The theore t ica l   curves   for  1100-0 aluminum, which a re   p lo t ted  i n  

Figure 6.1, a re   in   very  good agreement  with the  experimental  data and the  

best-f i t   curves .  The best-f i t   curves  shown are   those  found  from t h e  

second s t a t i s t i c a l   a n a l y s i s  of the  data (see Table  6.3)  for which s c a t t e r  

w a s  reduced. The theoret ical   curves   for   nickel  270 are   p lo t ted   in   F igure  

6.2. They a re   r e s t r i c t ed   t o   t he   ve loc i ty   r ange  below the  threshold at 

which a change in   s lope  occurs   because  the  theoret ical   equat ion  in  i t s  

present form  does  not accGunt f o r  such a change in   c r a t e r ing   cha rac t e r i s t i c s .  

The theoret ical   curves   for   e lectrolyt ic   tough  pi tch  copper   are   plot ted 

in   Figure 6.3.  These  curves axe a l s o  r e s t r i c t e d   t o   t h e   v e l o c i t y   r a n g e  

below a change in   s lope .  ComFarison of   these  plots   with  those  for   nickel  

in   Figure 6.2 shows t h a t   t h e  agreement  between the   theore t ica l   curves  and 
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Table 7.12 

‘Eeoretlcal  and  Experimental  Values of t h e  
Slope of the  Crater-Depth  Versus  Velocity  Plots 

Nickel 270 

Ccpper ( m i g h  p i t c h )  

Udimer, 700 Sol‘ned. 

Udimet 700 Aged 

Sphere 
aiameter ,  

inch 

0.5000 
0.3125 
0.2188 
0.175 
0.0938 

0.175 
0.0938 

0.5000 
0.3125 
0.2188 

0.175 
0.0338 

0.175 
0.0938 

0.0938 
0.175 

0.5000 
0.3125 
0.2188 

0.175 
0.0938 

0.175 
0.0938 

Theore t ica l  
Slope, 

sec 

0.2527 
0 1579 
0.1106 
0.08843 
0.04740 

0.05235 
0.02806 

0.2060 
0.1287 

0.05647 

0.03636 

0.09013 

0.03027 

0.01949 

0.02743 
0.01470 

0.1271 
0.07942 
0.05561 

0.02436 
0.01306 

0.02423 
0.01299 

Experimental  Slope, 10 sec -4 

Value 
Found 

0.2629 
0.1580 
0,1126 
0.08670 
0.04677 

0.03266 

0.1783 
0.1078 

0.05931 

0.07464 

0.05146 
0.02783 

0.01624 
0.03210 

0.03093 
0.01660 

0.1362 
0.1270 
5.07710 

” 

0.01173 

” 

0.01504 

95% Confidence Range 

0.2557 t o  0.2701 
0.1543 to 0.1617 
0..1105 t o  0.1148 
0.08485 t o  0.08856 
0.04478 to 0.04876 

0.05572 t o  0.06289 
” “ 

0.1569 t o  0.1397 
0.1043 t o  0.1112 
0.06526 t o  0.08403 

” 

0.02664 t o  0.02901 

0.03185 t o  0.03235 
0.01590 t o  0.01658 

0.03038 to 0.03148 
0.01618 t o  0.01703 

0.09890 t o  0.1736 
0.1079 to 0.1461 
0.06485 to 0.08935 

” 

“ ” 

0.01077 t o  0.01270 

.0.01122 to 0.01886 
“ ” 
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tke   best-f i t   curves  i s  comparable in  the  low-velocity  range. 

The theoret ical   curves   for   solut ioned and aged Udimet TOO are p lo t t ed  

i n  Fi-res 6.h and 6.5. They are r e s t r i c t e d   t o   t h e   v e l o c i t y   r a n g e  below 

which dynaric   behavior   sets   in   because  the. theoret ica1  equat ion i n  i t s  

?resect forc?  does  not  account f o r   t h i s  change in   crater ing  behavior .  The 

bes t - f i t   curve   for  t h e  0.175-inch-diameter  spheres i s  missing  for  both 

of the  heat-treatment  states  of  this  al loy.   because  data were not   col iected 

et low ve loc i t i e s  fo r  t h i s   sphe re   s i ze .  

The theoret ical   curves   for  2024-0 aluminum a l loy  are p l o t t e d   i n  

F igu re  6.6. A second analysis  of these  data, with  scatter  reduced, w a s  

Rot carr ied  out  and it can  be  seen tha t   t he   da t a   po in t s   fo r   t he  0.5000- 

incn-diameter  spheres are s u b j e c t   t o  wide s c a t t e r  and tha t   t he re  i s  a 

large  negat ive  intercept   veloci ty .  No da ta  were co l l ec t ed   i n   t he  l o w  

velocity  range and it can be seen  that  t h e  best-f i t   curves  have  widely 

d i f fe ren t   va lues  of in te rcept   ve loc i ty .   I f   the   bes t - f i t   curve ,  E ,  f o r  

which the   in te rcept   ve loc i ty  is negative,  were t r a n s l a t e d   t o   t h e   r i g h t  

a long   the   ve loc i ty   ax is   un t i l   the   in te rcept   ve loc i ty  had the  value  given 

i n  Table 7.1, it would be i n  good agreement  with theore t ica l   curve ,  E. 

This  agreement is expected  because i n  Table 7.12 the  experimental  slope 

fo r   t h i s   sphe re   s i ze  is  very  c lose  to   the  theoret ical   s lope.  

The theoret ical   curves   for   z inc,  Armco i ron ,  and arc-cast  tantalum 

are shown in   Figures  6.7, 6.8, and 6.9, respect ively.  They a r e   r e s t r i c t e d  

t o   t h e   v e l o c i t y  ranges below the  thresholds  at which dynamic behavior 

s e t s  i n  for these  metals   because  the  theoret ical   equat ion  in  i t s  present 

form does  not  take t h i s  change in   crater ing  behavior   into  account .  

I n  general ,  from the  agreement  of t he   t heo re t i ca l  and experimental 

v d u e s  of slope  given  in  Table 7.12 and  from t h e  f i t  of t he   t heo re t i ca l  

c"es with  the  experimental   data  in  Figures 6.1 through 6.9, it appears 

t h a t  the theore t ica l   equa t ion ,   in  i t s  revised form, g ives  a reasonablx 

representat ion of the  experimental data. It w i l l  be  of i n t e r e s t   t o  

co l l ec t  more c ra te r ing  data using  r igid  spheres  of  materials  other  than 

hardened steel t o  determine  whether  or not eq (7.7) has   general   val idi ty .  
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i n  s m . ~ ,  on t h e   b a s i s  of t h e   c r a t e r i n g   d a t a   t h a t   h a v e   b e e n   c o l -  

l e c t e d ,  it has   been   found  tha t   the   equat ion   for   c ra te r   depth  which w a s  

reporte? ear l ie r   i s  a p p l i c a b l e  only t o  pure  face-centered-cubic metals. 

?he r e s t r i c t ed   app l i cab i l i t y   o f   t he   equa t ion   has   been   t r aced  t o  d i f f e r -  

ences ir. the   y i e ld   behav io r   o f   t he  metals which r e s u l t   i n   d i f f e r e n t   c r a t e r  

cox tours .  To i n c r e a s e   t h e   a p p l i c a b i l i t y   o f   t h e   e q u a t i o n ,  a dimensionless 

quotier, t   which  contains  the  yield stress and t h e   e l e a s t i c  modulus both 

f o r  t he   r r e t a i  of t h e   t a r g e t  and t h e  metal of  the  sphere,  has  been  added 

rc :he equation. The revise6  equation  has  been  found t o  be   in   acceptab le .  

agreecent   wi th   the   ava i lab le   c ra te r ing   da ta   f 'o r   pure   meta ls  of a l l  t h r e e  

l a t t i ce   pack ing   t ypes   and   fo r   a l l oys .  It remains t o  be  seen  whether  or 

cot it will be  found t o   b e   i n  ag reemen t   w i th   c r a t e r ing   da t a   co l l ec t ed  

- - L A .  s3heres  of metals o t h e r   t h a n   s t e e l .  . -: + i 

?he rev ised   s tee l - sphere   c ra te r ing   equat ion  i s  eq (7 .7)  where V i s  

g:ive:l by eq ( 7 . 3 ) .  The q u a n t i t y  E '  i n  eq ( 7 . 3 )  , which i s  the  energy  per  

c~it volLye  required  for  flow, is  given by eq (7.4) where X is  t h e   s t a t i c  

C . :  percen t   o f f se t   y i e ld   s t r eng th .  

i 

7.5 Licuid-Dror  Denting  Velocities from Steel-Sphere  Dent ing  Veloci t ies  

For the  face-centered-cubic metals tha t   do   no t   exh ib i t   an   e l eva ted  

dyr.arnic s t r e n g t h ,  it shou ld   be   poss ib l e   t o   conve r t   t he   den t ing   ve loc i ty  

f o r  s t ee l - sphe re   impac t s   t o   t he   den t ing   ve loc i ty   fo r   l i qu id -d rop   impac t s .  

The equa t ion   fo r   t he   den t ing   ve loc i ty ,  V i ,  for   l iquid-drop  impacts  i s  

( s e e  eq (1.3) 

-:::ere z an:! p e r e   t h e   a c o u s t i c  impedance  and t h e   d e n s i t y  of t h e   l i q u i d ,  

resFec t lve ly .  The 6ent ing   ve loc i ty   for   s tee l - sphere   impacts ,  ViR , i s  

= E '  (zR + z ' )  / ( p R  c ' z '  3 %  ) V i R  

where t h e  sub-R has  been  used t o   d e n o t e   t h e   p r o p e r t i e s  of t h e   r i g i d  s tee l  

F r o J e c t i l e .   I f   t h e   e q u a t i o n   f o r  V i s  divided by t h e   e q u a t i o n   f o r  V 

t h e   r e l a t i o n  between V and ViR is  found t o  be i 

i i R  ' 
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The ? r s r i c a l   c c x s t a n t  19 i n   e q  (1 .3)  was determined  under   the  condi t ion 

%bet the   dynmic   compress ive   y ie ld   s t rength   should   be   used   for   the   quant i ty  

E ' .  I n  Sec t ion   7 .3  it was concluded  that  no dynamic e l e v a t i o n   i n   y i e l d  

s t rer ,pth  occurs   for   the  face-centered-cubic  metals, and in   Sec t ion   7 .1 .2  

the   va lue   o f   t he   quan t i ty  E ' ,  the   energy   per   un i t   vo lune   requi red   for  

- L O X ,  was as ses sed   f rom  the   s t a t i c   s t r e s s - s t r a in   cu rves .  It i s  there-  

f o r e   n e c e s s a r y   t o  assess the   va lue   o f   the   numer ica l   cons tan t  on t h e   b a s i s  

t h a t   t h e   q u a n t i t y  E '  w i l l  be   ob ta ined   f rom  s t a t i c   s t r e s s - s t r a in   cu rves .  

*- 

The dynamic y i e l d   s t r e n g t h   o f  1100-0 aluminum i s  7.239 x 10 dyn/cm 8 2 

[?] ana  the  energy  per   uni t  volume t o   t h e   s t a t i c  ,0.2 p e r c e n t   o f f s e t   y i e l d  

s t r e n g t h  i s  3.197 x 10 dyn/cn2 (see Table   7 .2) .   Us ing   these   da ta   for  

1-3;-2 a luninm,  the  numerical   constant   should  be  changed  to   4 .302 x 10 " 4 

which is 19 nxl t ip l ied .  by the   quot ien t   (7 .239  x 10 / 3.197 x 10 ) .  The 

5ynarr.ic y i e l d   s t r e n g t h  of  copper is  2.394 x l o 9  dyn/cm [lo] and t h e  

enertTy pe r   un i t  volume t o   t h e   s t a t i c  0 .2  p e r c e n t   o f f s e t   y i e l d   s t r e n g t h  i s  

4.574 x lo5 dyn/cm2 (see Table   7 .2) .   Using  these  data   for   copper ,   the  

numerical  constant  should  be  changed t o  9.945 x 10 which i s  1 9  multi-  

p l i e d  by the  quot ient   (2 .394 x 10 / 4.574 x 10 ) .  The average  value  of 

the   cons tan t  from t h e  data of 1100-0 aluminum and  copper i s  7.12b x 10 . 
iiitt th i s   va lue   o f   t he   cons t an t ,   t he   r e l a t ion   be tween  V and V. is 

5 

8 5 
2 

4 
9 5 

4 

i IR 

Vi = 7.124 x 10 ViR (pR/p) '  ( z  + 2') / (zR + z ' )  
4 

( 7 . 8 )  

Yquation ( 7 . 8 )  can  be  tested  because  mercury-drop  cratering  data 

 ET^ e v e i l e b l e   f o r  llOC-0 aluminum (see Table 6 .5)  and both  waterdrop  and 

7.ercury-drop  crater ing  data  are ava i l ab le   fo r   coppe r  (see Table   6 .10) .  

The  dens i ty  of water at 25OC i s  0.99707 g/cm3 and t h e   a c o u s t i c  impedance 

of water a t  th i s   t empera tu re  i s  0.1493 x 10 g/cm2 sec .  The dens i ty   o f  6 

mercury i s  13.546 g/cm5 and   the   acous t ic  impedance  of  mercury i s  1.966 x 
10 g/cm sec.   Using  the  values   of   acoust ic  impedance f o r  1100-0  aluminum 

and  copper  given  in Table 7 . 3  and t h e   v a l u e s  of steel-sphere  denting  ve- 

l oc i ty   g iven   i n   Tab le  7 .4 ,  it was found   t ha t   t he   ca l cu la t ed   va lue   o f  

dent i r?E  veloci ty   for   s ingle-drop  impacts   against  1100-0 aluminum is 12690 

cc/sec when t h e   d r o p   l i q u i d  i s  mercury  and t h a t   t h e   c a l c u l a t e d   v a l u e s  of 

dent ing   ve loc i ty   for   s inq le-drop   impacts   aga ins t   copper  are 8935 cm/sec 

when t h e   d r o p   l i q u i d  i s  mercury  and 33520 cm/sec when t h e   d r o p   l i q u i d  i s  

6 2 
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*--e'er. 3 e  ca l cc l a t ed   va lues  are i n  good agreement  with  the  experimental  

velaes r epor t ed   i n  Tables 6.5 and  6.10. In   on ly   one   i n s t ance  (2.85-IIUX 

oercury-drbp   inpac ts   aga ins t  1100-0 aluminum) i:s the ca lcu la t ed   va lue  

four.? t o  be   ou t s ide   t he  95 pe rcen t   con f idence   r ange ;   t h i s   can   be   s een   i n  

"zbles 6.5 A and  6.10 A .  

I 

xquztion ( 7 . 8 )  should  not  be  used t o  assess t h e   d e n t i n e   v e l o c i t y ,  

Vi, of  re ta ls  which e x h i b i t  a dynamic e l e v a t e d   y i e l d   s t r e n g t h   o r  a marked 

c?..er.ce i~ s l o p e .  
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6. SUOWIY OF PRINCIPAL CONCLUSIONS 

1. The crater ing  process  is based on conservation  of momentum. 

”: - -. r‘” -..es vhic‘r? showed ( a )  t h a t  movement of t h e   t a r g e t   p l a t e  as a r e s u l t  
T k i s  conclusioc i s  based on the  results of t h e   i n i t i a l   d i a g n o s t i c  

of zke i q a c t  aoes   not   affect   the   depth  of   crater  produced  and ( b )   t h a t  

it d e s  no difference as far as crater  depth i s  concerned  whether  the 

t a r g e t   p l a t e  is  r igidly  gr ipped or  whether it has no support at a l l .  

The plane-wave pa r t i c l e   ve loc i ty  used i.n der iving  the  crater ing equa- 

t i on  is also  based on conservation of momentum. 

2. The c ra te r ing   equat ion   in  i t s  i n i t i a l  form applies  very well t o  

pure  face-centered-cubic metals. This  conclusion i s  based on the  

finding triat the  numerical  constant k i s  e s sen t i a l ly   t he  same for  pure 

face-centered-cubic metals (see  Table 7.8). The c ra te r ing   equat ion   in  

i t s  i n i t i a l  form i s  unable to   g ive   cor rec t ly   the   c ra te r ing   curves   for  

?are meta ls   o f   o ther   l a t t i ce   types   o r   for   a l loys .  

3. The c ra te r ing   equat ion   in  i t s  re-rised form, eq. ( 7 . 7 ) ,  is  in   accept -  

ab le  agreement  with the   l imi ted  amount of c ra te r ing  data tha t   a r e   ava i l ab le  
for pure  metals  of a l l  three l a t t i c e  packing  types and for   a l loys.   This  

conclusion is based on the  f inding that i n  10 out of the  19 cases   for  which 

comparisons  can  be made the  calculated  slope of the  cratering  curve i s  e i t h e r  

within or nearly  within  the 95 per  cent  confidence limits of the  experimental 

slope  (see  Table 7.12) .  It remains t o   b e  seen  whether or  not  the  revised 

cratering  equation w i l l  be   i n  agreement  with  cratering data collected  with 

spheres made of metals  other  than  steel .  

4 .  The cratering  equation, even i n  i t s  revised form, applies  only 

to   the   ve loc i ty   range  below a change i n  slope of the  cratering  curve 

t k a t  may occur as a r e s u l t  of work-hardening o r  below a change i n  

slope  and/or a break i n  the  crater ing  curve  that  may occur as a r e s u l t  

of an increase   in   the   y ie ld   s t rength  of t he   t a rge t  metal caused by the  

high rate of loading. 

5. The addi t iona l   c ra te r ing   da ta   tha t  have  been co l lec ted  show t h a t  

the   p la te   th ickness  may be as s m a l l  as one sphere diameter and as la rge  

as ten  sphere  diameters.  It appears   tha t   p la te   th icknesses   l ess   than  

one sphere  diameter w i l l  not  give comparable c ra te r ing  data. However, 

there  is  no evidence which indicates   that   ten  sphere  diameters  i s  an 

upper limit on plate   thickness;  no upper limit has as y e t  been  found. 
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0. Liquid-tirop dent ing  veloci t ies   can  be  calculated from steel- 

sshere   cect ing  veloci t ies   for   metals  which  do not   exhibi t  a dynamic 

elevti tea  yieia  strength  or a marked change in   c ra te r ing   behavior  as 
ti reset of  work-nardening. - 

I .  The dent ing  veloci ty  of metals i s  e s sen t i a l ly  unchanged by an 

increase  in   temperature   unt i l  a temperature i s  reached a t  which a 

icarkeri reriuction  in  the  yield  strength of the  target   metal   occurs .  

This means t h a t  the   dent ing  veloci ty   of  metals, which may be found t o  

5e 2 good. c r i t e r i o n  of drop-impact e ros ion   res i s tance ,  can  be  assessed 

a t  roo= temperature f G r  high-temperature  applicatiqns. 
- E .  Lvidence of an  elevated dynamic y i e ld   s t r eng th  w a s  found in   t he  

=rz.terizg CUVES of Eetals  of  the  body-centered-cubic and hexagonal 

c lcse-packec  la t t ice   types.  Zvidence of an  elevated dynamic y i e l d  

s t recgth  was a l so  found f o r  Udimet 700 a l l o y ;   t h i s  may be due t o   t h e  

presence  of i n t e r s t i t i a l s .  No evidence  of  an  elevated dynamic y i e l d  

s t rength was found in  the  cratering  curves  of  pure  face-centered-cubic 

metais. 

9. An expression  has been  found by means of  which the   quant i ty  E ' ,  

the  ezergy  per  unit volume required  for  f low,  can  be  assessed from the. 

s ze t i c  9 .2  per   cent   offset   y ie ld  stress. The quant i ty  E '  appears  in 

:'ne cratering  equation. 

12. 3eteminat ior .   of   the   intercept   veloci ty   of  a crater-depth-versus- 

ve lcc i ty  s l o t  i s  not a good way of  assessing  the  denting  velocity of 

= e t z ; s .  The aecting  velocity  can be calculated from the  quant i ty ,  E ' ,  

the energy  per  unit volume required  for  flow. 
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APPENDIX A 

F-fiatios f o r  S ign i f i cance  of Simple Curvature of a Line With n P o i n t s  

Conpiled from Standard  References by Lars H.  Sjodahl,  Ceramic Materials 

Flesearch,  Xuclear  Systems  Programs,General  Electric  Co.,  Evendale,  Ohio 

= v + 3  
S z r e l y   S i g n i f i c a n t  

90 per   cen t  

39 09 

8.53 

5.54 

4.54 

4.06 

3.78 

3.59 

3.46 

3.36 

3.28 

3.23 

3.18 

" 

" 

3.07 

" 

" 

" 

2.71 

S i g n i f i c a n t  
95 pe r   cen t  

161  

18.5 

10.1 

7  a71 

6.61 

5.99 

5.59 

5.32 

5.12 

4.96 

4.84 

4.75 

4.67 

4.60 

4.54 

4.49 

4.45 

" 

3.84 

Highly S i g n i f i c a n t  
99 pe r   cen t  

4052 

98.5 

3 4 . 1  

21.2 

16.3 

13.7 

12.2 

11.3 

10.6 

10.0 

9.65 

9.33 

9.07 

8.86 

8.68 

8.53 

8.40 

" 

6.63 
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